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Prologue 
The manuscript of this Doctoral Thesis has been divided into three chapters, 
which are preceeded by the abstract and general objectives of the Thesis, and 
followed by the overall conclusions. Each chapter corresponds to a different research 
project and consists of five different sections: an introduction to the research topic, 
the objectives of the research project, a discussion on the obtained results, a summary 
of the main conclusions extracted, and the experimental details. Furthermore, an 
appendix that compiles additional publications has been included at the end of this 
manuscript. These publications arise from additional work carried out during my PhD, 
and have not been detailed in this manuscript for consistency. 
The first chapter entitled ‘Synthesis of New Graphene Fragments: 
Tetrabenzocircumpyrene’ describes the synthesis and characterization of new disc-
shaped graphene cutouts and the application of tetrabenzocircumpyrene as an atom 
counter. These new graphene fragments were efficiently prepared in a simple and 
practical manner using a Diels-Alder cycloaddition as the key step to construct the 
tetrabenzotetracene central core of the molecules. The results therein presented are 
preceeded by a general introduction on graphene molecules and the application of 
STM in the field of molecular electronics. Part of these results has been published in 
Chem. Commun. 2015, 51, 6932–6935. 
The second chapter, ‘Gold(I)-Catalyzed Synthesis of Hydroacenes’, describes 
the development of a new synthetic method for the preparation of partially saturated 
acene derivatives. The results collected in this chapter are preceeded by an 
introduction that includes the properties and synthesis of acene derivatives, as well as 
the basic principles of gold catalysis and its application in the context of the synthesis 
of arenes. Part of this information was published in the form of reviews in Chem. Rev. 
2015, 115, 9028–9072 and Eur. J. Org. Chem. 2016, DOI: 10.1002/ejoc.201601129. 
Following the initial results obtained by Dr. Paul McGonigal (ICIQ, 2012), a method 
for the synthesis of hydroacenes was developed based on the gold(I)-catalyzed formal 
[4+2] cycloaddition of aryl-tethered 1,7-enynes, which are readily assembled from 
relatively simple synthons. This transformation proceeded in the presence of a wide 
range of functional groups and allowed the synthesis of non-substituted hydroacenes 
	 26	
with up to nine linearly fused rings such as tetrahydrononacene, which has proved to 
be a stable direct precursor of the conjugated acene by surface-assisted 
dehydrogenation. Part of these results has been published in Angew. Chem. Int. Ed. 
2016, 55, 11120–11123. 
In the last chapter, ‘Gold-Catalyzed Synthesis of Echinopine Derivatives’, a new 
method for the synthesis of the [3,5,5,7] tetracyclic skeleton of the echinopines was 
developed based on the gold(I)-catalyzed alkoxycyclization of cyclopropyl-tethered 
tricyclic 1,6-enynes. Furthermore, the cyclization of the analogous 1,5-enynes 
uncovered an unpredicted cyclopropane migration, which gives rise to complex 
natural product-like [3,6,5,7] tetracycles. A part of the results obtained in this project 
has been published in J. Org. Chem. 2016, 81, 8444–8454. These results are 
preceeded by an introduction that gathers the use of gold catalysis as a powerful tool 
for the total synthesis of natural products, the gold(I)-catalyzed addition of 
heteronucleophiles to enynes, and a survey on previous formal and total syntheses of 
the echinopines. Part of this information has been published in the form of reviews in 
Chem. Rev. 2015, 115, 9028–9072 and J. Org. Chem. 2015, 80, 7321–7332, as well as 
in the form of a book chapter in Science of Synthesis (in press). 
Additionally, the following publications can be found at the end of this 
manuscript: 
1)  “Concise Total Synthesis of Lundurines A–C Enabled by Gold Catalysis and 
a Homodienyl Retro-Ene/Ene Isomerization”, published in: J. Am. Chem. Soc. 2016, 
138, 3671–3674. 
2) “Regiodivergent and Stereoselective Hydrosilylation of 1,3-Disubstituted 
Allenes”, published in: Angew. Chem. Int. Ed. 2015, 54, 9088–9091.  
3) “Synthesis of a Crushed Fullerene C60H24 through Sixfold Palladium-
Catalyzed Arylation”, published in: Eur. J. Org. Chem. 2016, 3171–3176. 
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List of Abreviations and Acronyms 
In this manuscript, the abbreviations and acronyms most commonly used in 
organic and organometallic chemistry have been used following the recommendations 
of “Guidelines for authors” of Journal of Organic Chemistry. 
Additionally, the following ones have also been used: 
APCI   atmospheric pressure chemical ionization 
BrettPhos 2-(dicyclohexylphosphino)3,6-dimethoxy-2′,4′,6′-triisopropyl-
1,1′-biphenyl 
dba   dibenzylideneacetone 
DIPEA  diisopropyl ethyl amine 
DLC   discotic liquid crystal 
ESQC   elastic scattering quantum chemistry 
eV   electron volt 
FLP   frustrated Lewis pair 
GNR   graphene nanoribbon 
GQD   graphene quantum dot 
HBC   hexabenzocoronene 
HOMA harmonic oscillator model of aromaticity 
IMes   1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene 
IPr   1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene 
JohnPhos  (2-biphenyl)di-tert-butylphosphine 
LDI laser desorption ionization 
LT-UHV-STM low temperature ultra-high vacuum scanning tunneling 
microscope 
MS   mass spectrometry/molecular sieves 
NICS   nucleus-independent chemical shifts 
NIR   near infrared 
NTf2–   bis(trifluoromethyl)imidate 
OFET   organic field-effect transistor 
OLED   organic light-emitting diode 
ORTEP  oak ridge thermal ellipsoid plot 
	 28	
pA   picoampere 
PAH   polycyclic aromatic hydrocarbon 
PVT   physical vapor-transport 
STM   scanning tunneling microscope/scanning tunneling microscopy 
SS-NMR  solid state nuclear magnetic resonance 
TBDPS  tert-butyldiphenylsilyl 
tBuXPhos  2-di-tert-butylphosphino-2′,4′,6′-triisopropylbiphenyl 
Ts   tosyl 
V   volt 
Xphos   2-dicyclohexylphosphino-2’,4’,6’-triisopropylbiphenyl 
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Abstract 
This PhD covers three fields of synthetic organic chemistry devoted to the 
synthesis of new materials based on polycyclic aromatic hydrocarbons (PAHs), the 
development of new metal-catalyzed synthetic methodology, and the synthesis of 
natural product derivatives.  
The development of new strategies for the precise synthesis of structurally well-
defined novel graphene cutouts is a field of great interest due to their potential 
implementation in molecular electronic devices. Particularly interesting PAHs are 
disc-shaped fragments of graphene because of their unique optoelectronic and self-
assembly properties, which are predicted to be enhanced for expanded systems. In this 
context, an efficient synthesis of a new discotic highly symmetric C54H20 graphene 
fragment – tetrabenzocircumpyrene – was developed and the electronic properties of 
this new graphene fragment were examined by scanning tunneling microscopy 
(STM).  
 
Acenes consist of planar sets of linearly fused benzene rings and represent 
another appealing class of PAHs due to their semiconducting properties. Nonetheless, 
their applicability in electronic devices is limited by their poor solubility and their 
inherent instability. One approach to circumvent these limitations is the preparation of 
more stable partially saturated derivatives, which can be used as precursors of the 
conjugated systems. Thus, a selective method for the preparation of partially saturated 
acenes under mild reaction conditions was developed based on a gold(I)-catalyzed 
cyclization of suitable 1,7-enynes that were assembled from a common precursor. The 
method proved to be general and allowed the preparation of functionalized 
dihydrotetracenes, as well as larger hydroacenes with up to nine linearly fused rings. 
O
O
Br
Br
+
Diels-Alder 
cycloaddition /
Scholl 
cyclodehydrogenation
Tetrabenzocircumpyrene
- 5 steps
- gram scale
- one chromatographic 
  separation
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The outstanding ability of gold(I) complexes to construct complex polycyclic 
frameworks was also examined in the context of the synthesis of natural products. 
Thus, the gold(I)-catalyzed alkoxycyclization of cyclopropyl-tethered 1,6-enynes 
allowed the ready assembly of the [3,5,5,7] tetracyclic skeleton of the echinopines, 
which opened an entry for the preparation of functionalized derivatives of these 
natural products. 
Ar
OMe
Ar
I
+ Ar'
Ar'
Pd Au
   Sonogashira coupling /
Gold(I)-catalyzed cyclization
> 25 examples 
38-99% yield
up to nine linearly fused rings
OG
Au+
OG
H
RO
ROH
Gold(I)-catalyzed
alkoxycyclization
OH CO2R
H
Echinopine A: R = H
Echinopine B: R = Me
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General Objectives 
The main objective of this Doctoral Thesis was the development of novel 
synthetic strategies that enable the straighforward preparation of new polycyclic 
aromatic hydrocarbons and natural product-based polycyclic structures. In particular, 
the following goals were envisioned: 
- The synthesis of a disc-shaped graphene cutout and the study of its electronic 
properties by STM. 
- The development of a methodology to access partially saturated acene 
derivatives through a gold(I)-catalyzed cyclization, and the use of these 
systems as precursors of higher acenes. 
- The assembly of the polycyclic skeleton of natural products through gold(I)-
catalyzed cyclizations. 
The detailed objectives of each research project can be found in the 
corresponding chapter in this manuscript.  
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Chapter I: 
Synthesis of New Graphene Fragments: Tetrabenzocircumpyrene 
 
1. INTRODUCTION 
Graphene is a bidimensional, atomically thick network of sp2-hybridized carbon 
atoms. This material was first isolated in 2004, when Geim and Novoselov reported a 
new method for the exfoliation of graphite based on the repeated peeling of highly 
oriented pyrolyzed graphite, and its properties were later established. 1  For their 
pioneering works revealing the extraordinary properties of graphene, which was 
described as “the thinnest material ever known and the strongest ever measured”, they 
were awarded the 2010 Nobel Prize in physics. Graphene comprises the basic 
structure of other carbon-based materials such as fullerenes (wrapped-up graphene), 
carbon nanotubes (rolled graphene), or graphite (stacked graphene layers), and thus 
the discovery of graphene completes the multi-dimensional carbon-nanomaterials 
family, filling the gap for 2D carbon structures (Figure 1). 
 
Figure 1. Graphitic carbon nanomaterials: a) fullerene (0D), b) single-walled carbon 
nanotube (1D), c) graphene (2D), and d) graphite (3D). 
The exceptional electronic properties of graphene have prompted many 
researchers to study graphene-related materials over the last decade. Graphene has 
																																																								
1  a) Geim, A. K.; Novoselov, K. S. Nat. Mater. 2007, 6, 183–191. b) Novoselov, K. S.; 
Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.; Dubonos, S. V.; Grigorieva, I. V.; 
Firsov, A. A. Science 2004, 306, 666–669. c) Novoselov, K. S.; Geim, A. K.; Morozov, 
S. V.; Jiang, D.; Katsnelson, M. I.; Grigorieva, I. V.; Dubonos, S. V.; Firsov, A. A. 
Nature 2005, 438, 197–200. 
a) b) c) d)
	 36	
extremely high electron mobility at room temperature with a resistivity comparable to 
that of silver, a material known for its low resistivity at room temperature. Besides, 
this material shows exceptional mechanical, 2  optical, 3  thermal, 4  and electrical 
properties,1 which all together make graphene and its derivatives promising 
candidates for application in optoelectronic devices3,5 and composite materials,6 as 
well as in the fields of catalysis,7 energy storage8 and conversion,9 and biosensors.10 
However, the lack of efficient methods to produce graphene in both large quantities 
and high quality makes the implementation of this promising material still 
challenging. There are two main strategies traditionally used for graphene synthesis, 
namely the top-down and the bottom-up methods, which respectively involve 
exfoliation of graphite and the construction of graphene from molecular building 
blocks.  
Graphene is intrinsically a zero-gap semiconductor,1c,11 which also limits its use 
as an electronic material. Hence, the preparation of new graphene-related 
semiconducting materials with a sizable bandgap has attracted the interest of many 
																																																								
2  Frank, I. W.; Tanenbaum, D. M.; van der Zande, A. M.; McEuen, P. L. J. Vac. Sci. 
Technol., B: Microelectron. Nanometer Struct. 2007, 25, 2558–2561. 
3  Nair, R. R.; Blake, P.; Grigorenko, A. N.; Novoselov, K. S.; Booth, T. J.; Stauber, T.; 
Peres, N. M. R.; Geim, A. K. Science 2008, 320, 1308. 
4  Balandin, A. A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C. 
N. Nano Lett. 2008, 8, 902–907. 
5  a) Dimitrakopoulos, C. D.; Malenfant, P. R. L. Adv. Mater. 2002, 14, 99–117. b) 
Semenov, Y. G.; Kim, K. W.; Zavada, J. M. Appl. Phys. Lett. 2007, 91, 153105.  
6  a) Stankovivh, S.; dikin, D. A.; Dommett, G. H. B.; Kohlhaas, K. M.; Zimney, E. J.; 
Stach, E. A.; Piner, R. D.; Nguyen, S. T.; Ruoff, R. S. Nature 2006, 442, 282–286. b) 
Ramanathan, T.; Abdala, A. A.; Stankovich, S.; Dikin, D. A.; Herrera-Alonso, M.; 
Piner, R. D.; Adamson, D. H.; Schniepp, H. C.; Chen. X.; Ruoff, R. S.; Nguyen, S. T.; 
Alsay, I. A.; Prud’homme, R. K.; Brinson, L. C. Nat. Nanotechnol. 2008, 3, 327–331. 
7  a) Dreyer, D. R.; Bielawski, C. W. Chem.Sci. 2011, 2, 1233–1240. b) Scheuermann, G. 
M.; Rumi, L.; Steurer, P.; Bannwarth, W.; Mülhaupt, R. J. Am. Chem. Soc. 2009, 131, 
8262–8270. 
8  a) Pumera, M. Energy Environ. Sci. 2011, 4, 668–674. b) Sun, Y.; Wu, Q.; Shi, G. 
Energy Environ. Sci. 2011, 4, 1113–1132. 
9  Stoller, M. D.; Park, S.; Zhu, Y.; An, J.; Ruoff, R. S. Nano Lett. 2008, 8, 3498–3502. 
10  Yang, W.; Ratinac, K. R.; Ringer, S. P.; Thordarson, P.; Gooding, J. J.; Braet, F. 
Angew. Chem. Int. Ed. 2010, 49, 2114–2138. 
11  Meric, I.; Han, M. Y.; Young, A. F.; Ozyilmaz, B.; Kim, P.; Shepard, K. L. Nat. 
Nanotechnol. 2008, 3, 654–659. 
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researchers over the last decade.12 The zero bandgap in graphene results from the 
identical environment of all the atoms in the infinite lattice of sp2 carbon atoms.13 
Therefore, the key to open up a bandgap in graphene is to break the symmetry by 
structural and/or chemical modifications. One strategy to break the symmetry is the 
disruption of the π-network by graphene doping, which consists of the substitution of 
some of the carbon atoms by others with different number of valence electrons.14 In a 
different approach, a sizable bandgap can be opened up in graphene by patterning 
structurally confined nanosized segments such as graphene nanoribbons (GNRs)15 or 
graphene quantum dots (GQDs), also known as nanographenes.16 
1.1. Graphene Molecules 
It has been theoretically predicted and experimentally demonstrated that both 
size and edge configuration of structurally confined graphene segments significantly 
affect their properties.17  Three different edge structures can be envisaged for the 
periphery of a graphene fragment, namely arm-chair, zig-zag, and cove edges (Figure 
2). The greatest resonance stabilization is gained in an arm-chair configuration, 
whereas zig-zag edges lead to a lower bandgap and consequently higher reactivity. 
 
Figure 2. Edge structures of graphene molecules. 
																																																								
12  Lu, G.; Yu, K.; Wen, Z.; Chen, J. Nanoscale 2013, 5, 1353–1368. 
13  Avouris, P. Nano Lett. 2010, 10, 4285–4294. 
14  Liu, H.; Liu, Y.; Zhu, D. J. Mater. Chem. 2011, 21, 3335–3345. 
15  a) Li, X.; Wang, X.; Zhang, L.; Lee, S.; Dai, H. Science 2008, 319, 1229–1232. b) 
Narita, A.; Feng, X.; Müllen, K. Chem. Rec. 2015, 15, 295–309. 
16  Wu, J.; Pisula, W.; Müllen, K. Chem. Rev. 2007, 107, 718–747. 
17  a) Rieger, R.; Müllen, K. J. Phys. Org. Chem. 2010, 23, 315–325. b) Kim, S.; Hwang, 
S. W.; Kim, M.-K.; Shin, D. Y.; Shin, D. H.; Kim, C. O.; Yang, S. B.; Park, J. H.; 
Hwang, E.; Choi, S.-H.; Ko, G.; Sim, S.; Sone, C.; Choi, H. J.; Bae, S.; Hong, B. H. 
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As in the case of graphene, the synthetic approaches towards graphenic 
molecules fall into two main categories: top-down and bottom-up methods. Top-down 
methods involve the decomposition of bulk graphene-based materials, usually 
requiring harsh reaction conditions, and often lack precise control of the morphology 
and size distribution of the resulting nanographenes.18 In contrast, bottom-up methods 
provide access to graphene cutouts with perfectly defined structures and 
properties.16,18,19 
Graphene nanoribbons are elongated strips of graphene with straight edges and 
show a sizable bandgap inversely proportional to the ribbon width.15 Thus, the width 
and the edge structure of GNRs determine their physical properties.20 The bottom-up 
synthesis of GNRs provides high degree of control over the structure of GNRs with 
uniform structures as narrow as 1 nm, and has been efficiently carried out both in 
solution and assisted by a metallic surface by cyclodehydrogenarion of three-
dimensional polyphenylene precursors.19  
In contrast to GNRs, graphene quantum dots or nanographenes are well-defined 
nanometer-sized cutouts of graphene constituted by all-sp2 carbon atoms with an 
average diameter typically smaller than 10 nm. The bottom-up synthesis and 
characterization of polycyclic aromatic hydrocarbons (PAHs) was pioneered by 
Scholl21 and Clar22 in the 20th century and since then, a number of synthetic methods 
have been developed for the synthesis of graphene molecules. The intramolecular 
oxidative cyclodehydrogenation, also known as the Scholl reaction,23 is one of the 
most extensively used reactions for the synthesis of extended π-systems. This reaction 
allows the formation of C-C bonds between two unfunctionalized sp2 carbon atoms 
under relatively mild reaction conditions in the presence of a range of oxidants 																																																								
18  Bacon, M.; Bradley, S. J.; Nann, T. Part. Part. Syst. Charact. 2014, 31, 415–428. 
19  a) Müllen, K. ACS Nano 2014, 8, 6531–6541. b) Narita, A.; Wang, X.-Y.; Feng, X.; 
Müllen, K. Chem. Soc. Rev. 2015, 44, 6616–6643. 
20  Yazyev, O. V. Acc. Chem. Res. 2013, 46, 2319–2328. 
21  a) Scholl, R.; Seer, C.; Weitzenböck, R. Chem. Ber. 1910, 43, 2202–2209. b) Scholl, 
R.; Seer, C. Liebigs Ann. Chem. 1912, 394, 111–177. c) Scholl, R.; Seer, C. Chem. Ber. 
1922, 55, 330–341. 
22  a) Clar, E.; Stewart, D. G. J. Am. Chem. Soc. 1953, 75, 2667–2672. b) Clar, E.; 
Stephen, J. F. Tetrahedron 1965, 21, 467–470.  
23  Grzybowski, M.; Skonieczny, K.; Butenschön, H.; Gryko, D. T. Angew. Chem. Int. Ed. 
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including FeCl3, 24  MoCl5, 25  or DDQ/MeSO3H. 26  One important example is the 
synthesis of hexa-peri-benzocoronenes (HBCs), which are typically prepared through 
an intramolecular oxidative cyclodehydrogenation from the corresponding 
hexaphenylbenzene precursors.27  Thus, HBC 3a was accessed through the FeCl3-
mediated six-fold oxidative cyclization of 2a, which was prepared by the Co-
catalyzed cyclotrimerization of diarylalkyne 1a (Scheme 1). 27c Following a similar 
strategy, other extended PAHs containing up to 222 carbon atoms in their cores and 
different substituents have been successfully prepared (Figure 3).28  However, the 
Scholl reaction is in some cases limited due to incomplete cyclodehydrogenation of 
the oligophenylene precursors and the formation of partially chlorinated products.23 
Moreover, unpredicted products are sometimes obtained as a result of competing 
cyclizations or rearrangements.29  
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Scheme 1. Synthesis of HBC 3a. 
 
Figure 3. Selected large graphene molecules synthesized by oxidative 
cyclodehydrogenation. 
The Diels-Alder reaction is one of the most efficient tools to construct 6-
membered rings. The synthesis of HBCs such as 3b bearing substituents with 
different regioisomeric patterns typically relies on a decarboxylative Diels-Alder 
cycloaddition between tetraphenylcyclopentadienone derivatives of type 4 and 
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internal alkynes such as 1b in order to prepare the hexaphenylbenzene precursors 
such as 2b required for the cyclodehydrogenation reaction (Scheme 2).30 
 
Scheme 2. Synthesis of HBC 3b. 
Arynes have also been used for the synthesis of PAHs, both as dienophiles in 
[4+2] cycloadditions and in [2+2+2] cyclotrimerization reactions.31 As an example of 
the potential of this approach to construct PAHs, a threefold symmetric C78H36 
molecule 5 containing 22 fused rings was prepared by a tandem [4+2] 
cycloaddition/[2+2+2] cyclotrimerization of arynes in a single pot starting from 
perylene (Scheme 3).32 
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Scheme 3. Cycloadditions of arynes for the synthesis of 5. 
In addition to oxidative cyclizations and cycloaddition reactions, other methods 
have been developed for the synthesis of graphene molecules. 33  Ring-closing 
metathesis (RCM) has been used to prepare functionalized phenanthrenes from 2,2’-
divinylbiphenyl derivatives,34 helicenes bearing up to 7 fused benzene rings,35 and 
more recently aromatic belts through an iterative reductive aromarization/RCM 
strategy.36 The electrophilic cycloaromatization of aryl alkynes has also been used for 
the synthesis of small-sized PAHs. Thus, the Ru-catalyzed aromatization of 1-aryl-1-
buten-3-ynes affords naphthalenes through the formation of ruthenium-vinylidene 
species followed by an electrophilic aromatic substitution. 37  Furthermore, 
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electrophilic transition metal complexes have been successfully employed for the 
synthesis of aromatic scaffolds.38,39 
Particularly interesting non-linear 40  PAHs are disc-shaped molecules 
functionalized with flexible peripheral chains such as coronenes or HBCs because of 
their unique liquid crystalline properties. The hierarchical self-assembly of these 
molecules leads to the formation of discotic liquid crystals (DLCs) arranging in 
columnar mesophases due to π-stacking interactions between the conjugated systems 
and to a local nanophase separation between the rigid aromatic cores and the 
surrounding flexible chains (Figure 4).41  
 
Figure 4. Functionalized HBCs arranged in a hexagonal columnar mesophase. 
As a consequence, disc-shaped PAHs exhibit unique optoelectronic properties, 
which make them suitable materials for molecular electronic devices.42 DLCs show 																																																								
38  a) Fürstner, A.; Mamane, V. J. Org. Chem. 2002, 67, 6264–6267. b) Fürstner, A.; 
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M.; Thiel, W.; Alcarazo, M. J. Am. Chem. Soc. 2012, 134, 16753–16758. h) Chen, T.-
A.; Liu, R.-S. Chem. Eur. J. 2011, 17, 8023–8027. 
39  See Chapter II for a comprehensive survey on gold-catalyzed cyclizations for the 
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high one-dimensional charge-carrier mobility along the columnar stacks in 
mesophases because of the extensive interactions between the π-orbitals of adjacent 
aromatic cores. The resulting conductivity along the columns has been found to be 
several orders of magnitude higher than in the perpendicular direction due to the 
insulation of the conducting pathway by the aliphatic substituents. It is predicted that 
enlarging the aromatic framework of DLCs would enhance the columnar order due to 
more intense π-interactions that result in a closer packing distance between 
neighboring discs and therefore in a higher charge-carrier mobility.43 
1.2. STM and its Application to Molecular Electronics 
In 1959, the Nobel laureate physicist Richard Feynman in his lecture entitled 
There’s Plenty of Room at the Bottom invited the scientific community to enter a new 
field of research: the direct manipulation of individual atoms as a more powerful 
synthetic tool.44 However, it was not until more than twenty years later that some of 
his ideas began to be achieved with the invention of the first Scanning Tunneling 
Microscope (STM) at IBM Zürich in 1981 by Gerd Binning and Heinrich Rohrer,45  
who were awarded the Nobel Prize in physics in 1986. Since then, this revolutionary 
breakthrough has given rise to a new field in molecular science, allowing the 
visualization, manipulation, and understanding of molecules in the nanometer scale. 
The STM is a non-optical microscope that operates in base to quantum 
mechanics principles.46 When a fine electrically conductive needlelike tip is scanned 
just above the surface of an electrically conductive sample at a distance of less than 1 
nm and a voltage is applied, electrons can tunnel across the space between the tip and 
the sample. Since the tunneling probability is exponentially dependent on the distance 																																																																																																																																																														
Robertson, J. W. F.; Wasserfallen, D.; Grimsdale, A. C.; Wu, J. S.; Müllen, K. Adv. 
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44  Lecture delivered on December 29th at the annual meeting of the American Physical 
Society at California Institute of Technology: Feynman, R. P. Eng. Sci. 1960, 23, 22–
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between the tip and the sample, the contours of the surface can be mapped out by 
keeping the current constant and measuring the height of the tip.  
As predicted by George Moore in 1965,47 the performance and complexity of 
semiconductor-based electronic devices has been growing exponentially over the last 
decades, which has forced the sizes of the embedded components to shrink 
accordingly. The continuing demand for smaller and smaller devices in 
microelectronics should ultimately lead to the implementation of molecular-sized 
electronic devices, a quest which is known as molecular electronics. Therefore the 
design, synthesis, assembly, and control of the electronic properties of molecular 
systems are fundamental challenges in nanotechnology. The idea of a single molecule 
performing the basic functions of digital electronics was first proposed in 1974 by 
Aviram and Ratner,48 who described from a theoretical point of view a molecule that 
could behave like a diode when placed between two electrodes. Nonetheless, it was 
not until 1997 that the first experiment directly measuring the conductance of a single 
molecule was performed,49  developing an electromechanical amplifier based on a 
single C60 fullerene molecule where the amplification was achieved by contacting this 
molecule with the STM tip. Furthermore, shortly after the first STM measurements 
were performed, the first molecular orbital theory of tunneling current through a 
single molecule was described,50 which ultimately gave rise to the Elastic Scattering 
Quantum Chemistry (ESQC) method, 51  nowadays the standard technique for 
calculating and interpreting STM images of molecules deposited on surfaces. 
 STM not only allows the imaging of single atoms and molecules on surfaces 
but also to manipulate them with atomic precision, which has played a crucial role in 
the development of nanoscience and nanotechnology. As an example, after 
manipulation of Au adatoms, trinaphthylene molecules were used to prepare a 
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functional molecular logic gate (Figure 5).52 One Au atom brought in contact with the 
molecule acts as one bit of classical information input on the molecule. Thus, single 
Au atoms were manipulated with the tip of the STM towards the two naphthyl 
branches of a single trinaphthylene molecule adsorbed on a Au (111) surface, which 
gave rise to molecular orbitals splitting and measurable energy shifts that revealed the 
trinaphthylene functionality as a NOR logic gate. 
 
Figure 5. Schematic representation of a trinaphthylene molecule with two Au atoms 
as a NOR logic gate.52a 
In a more recent example, the ground electronic state of a coronene molecule 
was manipulated by contacting its π-electronic system with single Au adatoms, what 
induced a downshift in the energy as a function of the number of interacting Au atoms 
(Figure 6).53 These shifts in energy could be used to determine the number of Au 
atoms interacting with the π-system of coronene, which is also known as atom 
counting effect, demonstrating that a molecule of coronene is able to count up to 3 Au 
inputs. 
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Figure 6. (left) dI/dV spectra for each of the Aun-Coronene complexes (n = 1, 2, 3). 
(right) Spectral downshift of coronene’s ground state tunneling resonance as a 
function of the number of Au inputs.53 
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2. OBJECTIVES 
The precise synthesis of structurally well-defined graphene fragments has 
experienced a rapid growth over the last few years. Nevertheless, there is still a great 
interest in preparing new graphene cutouts with the ultimate aim of implementing 
them in molecular electronic devices. 
Tetrabenzocircumpyrene (6a) is a highly symmetric disc-shaped nanographene 
containing 54 carbon atoms and can be considered as an ‘expanded HBC’ (Figure 7). 
As expected, DFT calculations predicted a ca. 30% decrease in the HOMO-LUMO 
gap when comparing HBC (3.59 eV) with 6a (2.45 eV). 
 
Figure 7. Structures of HBC (left) and tetrabenzocircumpyrene 6a (right). 
The synthesis of unfunctionalized graphene fragments is always a challenge due 
to the problems inherent to handling highly insoluble materials. The underlying 
motivation driving the design and synthesis of 6a was to have a disc-shaped molecule 
larger than coronene to test it as a superior atom counter. In this molecule the outer 
rings would be more separated than those in coronene, therefore dampening the 
electronic interaction between adatoms contacted to the molecule and also increasing 
the number of possible outher rings used as inputs. Thus, in this chapter we targeted 
the bottom-up synthesis of nanographene 6a in order to study its electronic properties 
by means of STM. To this aim, we considered a Diels-Alder cycloaddition as the key 
step to construct the tetrabenzotetracene core of the molecule and a late-stage 
cyclodehydrogenation to obtain the final conjugated system. 
 
Tetrabenzocircumpyrene (6a)HBC
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3. RESULTS AND DISCUSSION 
3.1. Synthesis and Characterization of Tetrabenzocircumpyrene  
We envisioned that the target nanographene 6a could be accessed from 9,20-
di(naphthalen-1-yl)tetrabenzo[a,c,j,l]tetracene (7a) by means of a Scholl oxidation in 
which 6 C-C bonds would be formed in a single step (Scheme 4). Polyarene 7a could 
be obtained by double nucleophilic addition of the two naphthyl fragments to quinone 
8, which could result from a Diels-Alder cycloaddition between quinone 9 and o-
quinodimethane 10.  
 
Scheme 4. Retrosynthetic strategy for the synthesis of 6a. 
The synthesis of quinone 9 has been reported in the literature by oxidation of 
triphenylene in the presence of an excess of H2O2, albeit in low yield recovering more 
than 50% of unreacted triphenylene.54 Hence, since 9 was the starting point of our 
synthesis, it became necessary to optimize this oxidation process (Table 1). The 
reported reaction conditions afforded 9 in 6% yield after 1 h, recovering 56% of 
unreacted starting material (Table 1, entry 1). Longer reaction times and higher 
amounts of oxidant did not result in any improvement of the yield of 9 (Table 1, 
entries 2,3). Moreover, attempts to scale up this reaction resulted in a significant drop 																																																								
54  Klemm, L. H.; Hall, E.; Cousins, L.; Klopfenstein, C. E. J. Heterocycl. Chem. 1987, 
24, 1749–1755. 
Scholl
oxidation
O
O
Diels-Alder
O
O
+
6a 7a
8109
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of the yield of 9 down to 1%. Gratifyingly, changing the oxidant from H2O2 to CrO3 
provided 9 in 22% yield (Table 1, entry 5). The use of crown-ethers in combination 
with CrO3 has been shown to be an efficient oxidizing system for the synthesis of 
quinones from PAHs.55 In our case, the addition of catalytic amounts of 18-crown-6 
almost doubled the yield of 9 under identical reaction conditions (Table 1, entry 6). 
This result could not be further improved by increasing the amount of oxidant, the 
temperature, or the reaction time (Table 1, entries 7,8). The use of other crown-ethers 
did not result in any further improvement either. Nevertheless, under these reaction 
conditions multigram amounts of quinone 9 could routinely be obtained in around 
40% yield (Table 1, entry 9), recovering around 30% of unreacted triphenylene that 
could be recycled for a subsequent oxidation process. 
Table 1. Evaluation of the reaction conditions for the synthesis of 9. ORTEP plot 
(thermal ellipsoids at 50% probability) of the crystal structure of 9.  
 
Entry Oxidant (equiv) 
Additive 
(equiv) 
Scale 
(mmol) 
t 
(h) 
T 
(ºC) 
Yield 9 
(%) 
1 H2O2 (12) none 14 1 110 6 
2 H2O2 (12) none 14 16 110 5 
3 H2O2 (36) none 14 1 110 5 
4 H2O2 (12) none 70 2 110 1 
																																																								
55  Juaristi, M.; Aizpurua, J. M.; Lecea, B.; Palomo, C. Can. J. Chem. 1984, 62, 2941–
2944. 
O
O
oxidant, additive
AcOH, T, t
9
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5 CrO3 (4) none 2 4 70 22 
6 CrO3 (4) 18-crown-6 
(0.1) 
2 4 70 39 
7 CrO3 (8) 18-crown-6 
(0.1) 
2 4 70 37 
8 CrO3 (4) 18-crown-6 
(0.1) 
2 16 70 37 
9 CrO3 (4) 18-crown-6 
(0.1) 
20 4 70 41 
 
With the optimized conditions for the synthesis of 9 in hand, we next focused 
on o-quinodimethane 10. This reactive intermediate could be generated in situ from 
dibromide 13 by means of a Cava reaction56 and then trapped with quinone 9 in a 
[4+2] cycloaddition reaction. Despite the fact that 13 is commercially available,57 it 
turned out to be more practical in terms of price to prepare it from 9-
bromophenanthrene (Scheme 5). 58  9-Bromophenanthrene was therefore converted 
into 11 through a methylation/bromination sequence, and subsequent methylation 
followed by double benzylic bromination afforded 13 in 44% overall yield. Thus, 
through this four-step sequence, up to 25 grams of 13 could be prepared in a single 
round. 
 
Scheme 5. Synthesis of 13. 
																																																								
56  Cava, M. P.; Napier, D. R. J. Am. Chem. Soc. 1957, 79, 1701–1705. 
57  CAS: 57743–47–2, price: 199.00 €/50 mg from Sigma-Aldrich. 
58  a) Lin, S.-Z.; Chen, Q.-A.; You, T.-P. Synlett 2007, 2101–2105. b) Kotha, S.; Krishna, 
N. G.; Misra, S.; Khedkar, P. Synthesis 2011, 18, 2945–2950.  
Br
68% (2 steps) Br
i) n-BuLi, Et2O
ii) MeI, rt, 1h
80%
Br
Brref. 58a ref. 58b
81%
1311 12
NBS, AIBN
CCl4, reflux
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The core of 6a was assembled by a Diels-Alder cycloaddition between in situ 
generated 10 and quinone 9, which provided a non-isolable cycloadduct that 
underwent spontaneous oxidation in the presence of air to afford the desired quinone 
8 in 70% yield (Scheme 6). This compound is insoluble in common organic solvents 
at room temperature and therefore could only be analyzed by mass spectrometry and 
1H NMR at 120 ºC in C2D2Cl4. Moreover, when the reaction was conducted starting 
from more than 1 mmol of 9, a mixture of 8 and non-oxidized 8’ quinones was 
obtained. Treatment of this mixture with DDQ did not result in the complete 
oxidation of 8’ to 8, most likely due to the low solubility of these compounds. Since 
complete aromatization was in principle not required for the next step of the 
synthesis, at this point it was decided to continue the synthesis using a mixture of both 
quinones. Thus, 1-naphthyllithium was added to the mixture of 8 and 8’, which 
resulted in the formation of the crude mixture of diols 14syn, 14anti, 14’syn, and 
14’anti. This mixture turned out to be unstable and was therefore directly reduced by 
treatment with HI in refluxing acetic acid59 and subsequently treated with DDQ in 
toluene to afford 7a as a 5:1 mixture of anti:syn rotational isomers (Figure 8). Final 
Scholl cyclodehydrogenation of 7a in the presence of an excess of FeCl3 gave rise to 
the target nanographene 6a in almost quantitative yield. It is remarkable that the 
sequence shown in Scheme 6 requires only one chromatographic purification and can 
be conducted in multigram scale (1.02 grams of 6a were obtained in a single round 
from 6 grams of triphenylene). 
																																																								
59  a) Harvey, R. G.; Leyba, C.; Konieczny, M.; Fu, P. P.; Sukumaran, K. B. J. Org. Chem. 
1978, 43, 3423–3425. b) Konieczny, M.; Harvey, R. G. J. Org. Chem. 1979, 44, 4813–
4816. 
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Scheme 6. Synthesis of nanographene 6a. 
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Figure 8. ORTEP plot (thermal ellipsoids at 50% probability) of the crystal structures 
of 7a-anti (left) and 7a-syn (right).  
The extreme insolubility of 6a precluded its characterization by NMR 
spectroscopy, even at temperatures over 100 ºC. The solid state 13C NMR spectrum of 
this compound was not conclusive either, showing only a single broad signal (from 
100 ppm to 150 ppm) in the area of sp2 carbons. Nevertheless, clean mass spectra 
could be obtained under different conditions (LDI+ and MALDI+ using different 
matrices), in which only one peak could be identified with a m/z and isotopic pattern 
corresponding to those of 6a (Figure 9).  
 
Figure 9. LDI+ mass full spectrum, experimental isotopic pattern (center), and 
theoretical isotopic pattern (right) of 6a. 
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Furthermore, the characterization of 6a was attempted by means of low 
temperature ultra-high vacuum scanning tunneling microscopy (LT-UHV-STM).60 
Au(111) was selected as the surface to analyze the synthesized molecules since planar 
PAHs are typically physiadsorbed upon deposition on this surface. Due to their 
adsorption state, the weak electronic coupling between the molecules and the surface 
precludes the intermixing of molecular electronic states and the metal substrate states 
thus facilitating the identification of molecular electronic states whose spatial 
electronic distribution will be imaged in real space using the differential conductance 
(dI/dV) technique. Hence, STM was used to obtain topographic images of 6a, 
whereas differential conductance (dI/dV) imaging in conjunction with tunneling 
spectroscopy was used to characterize its molecular electronic states (Figure 10). On 
the one hand, the molecules were imaged using a constant height dI/dV imaging mode 
to map the spatial distribution of the molecule’s electronic states at -0.750 and +1.650 
V, which are the bias voltages corresponding to the resonances at positive and 
negative voltage nearest to the substrate’s Fermi level. At these polarities, occupied 
and unoccupied states are captured during the imaging process. At -0.750 V the 
molecule’s differential conductance map is constituted by four peripheral lobes, while 
the dI/dV map taken at +1.650 V shows six outer lobes. On the other hand, ESQC 
dI/dV STM images were calculated at the energies corresponding to the HOMO and 
LUMO orbitals including all the elements of a tunneling junction made of the gold 
substrate, the metal tip and one single molecule of 6a trapped within the junction.61 
The calculated and experimental images show identical nodal features, thus 
confirming the structure assigned to tetrabenzocircumpyrene 6a. 
																																																								
60  STM experiments were carried out by Dr. Carlos Manzano at A*STAR’s Institute of 
Materials Research and Engineering (IMRE) in Singapore.  
61  ESQC calculations were performed by Dr. Christian Joachim’s research group at 
Centre d’Elaboration des Metériaux et d’Etudes Structurales (CEMES/CNRS) in 
Toulouse, France. 
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Figure 10. (left) Topographic STM images of tetrabenzocircumpyrene (6a) taken at -
0.750 V and +1.650 V. (center) dI/dV maps taken concurrently at the same voltages 
(images size: 3.2x2.8 nm). (right) ESQC computed images calculated at the energies 
corresponding to HOMO and LUMO of 6a. 
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3.2. Synthesis of Tetrabenzocircumpyrene Derivatives 
Quinone 8 can be seen as a basic scaffold for the synthesis of substituted or 
expanded tetrabenzocircumpyrene derivatives. Thus, an extension of the synthetic 
route developed for 6a was envisioned to prepare functionalized nanographene 
precursors 7b-f by using substituted 1-bromonaphthalenes or larger aryl bromides as 
the starting materials for the double nucleophilic addition to the mixture of 8 and 8’ 
(Scheme 7). The structures of 7b, 7c, 7d, and 7e were confirmed by X-ray diffraction 
(Figure 11). 
 
Scheme 7. Synthesis of substituted nanographene precursors 7b-f. 
O
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Figure 11. ORTEP plot (thermal ellipsoids at 50% probability) of the crystal 
structures of 7b (top left), 7c (right), 7d (center left), and 7e (bottom left). 
Treatment of alkyl-substituted precursors 7b and 7c with FeCl3 afforded the 
expected tetrabenzocircumpyrene derivatives 6b and 6c by concomitant formation of 
6 C-C bonds in 85 and 54% yield, respectively, also as highly insoluble solids 
	 61	
(Scheme 8). In a similar vein, precursor 7e gave rise to the higher analogue 
hexabenzocircumpyrene 6e.  
 
Scheme 8. Synthesis of alkyl-substituted tetrabenzocircumpyrenes 6b-c and 
hexabenzocircumpyrene 6e. 
However, the formation of a minor product was also observed in the oxidative 
cyclization of alkyl-substituted nanographene precursors, which remained in solution 
after filtration of the tetrabenzocircumpyrene derivative. This transformation was 
studied in detail taking 7b as a model substrate. Thus, the major product 6b was 
separated by filtration and after meticulous purification from the filtrate, a partially 
cyclized PAH 15 in which only two C-C bonds had been formed could be isolated as 
a brown solid slightly more soluble than 6b in organic solvents at temperatures over 
100 ºC (Scheme 9). This compound could be crystallized from hot tetrachloroethane 
and therefore its structure could be confirmed by X-ray diffraction (Figure 12). In 
order to prove if this contorted PAH was an intermediate in the formation of 6b, 15 
was resubjected to the oxidative cyclization reaction conditions. Nevertheless, after 
24 hours only unchanged 15 could be detected by mass spectrometry, demonstrating 
that this polyarene is not an intermediate in the synthesis of 6b, but rather a product 
resulting from a competitive pathway in the Scholl cyclodehydrogenation. 
FeCl3
CH3NO2/CH2Cl2
rt, 16 h
R2
R1
R2
R1
7b: R1 = C6H13, R2 =  H
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R
R
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6c: R = C12H25 (54%)
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Scheme 9. Scholl cyclodehydrogenation of 7b. 
 
Figure 12. ORTEP plot (thermal ellipsoids at 50% probability) of the crystal structure 
of 15. 
The oxidative cyclization of 7d, which arises from the double nucleophilic 
addition of 5-bromoacenaphthene to the mixture of 8 and 8’, did not result in the 
formation of the corresponding tetrabenzocircumpyrene derivative. Instead, a partially 
cyclized product 16 analogous to 15 was isolated as the sole product in 66% yield 
(Scheme 10). In contrast, the oxidative cyclization of aryl-substituted nanographene 
precursor 7f in the presence of FeCl3 afforded a mixture of tetrabenzocircumpyrene 
derivative 6f together with monochlorinated 6f-Cl as detected by mass 
spectrometry.23 Due to the high insolubility of both 6f and 6f-Cl the ratio of products 
and therefore the yield of the oxidative cyclization process could not be determined. 
C6H13
C6H13
C6H13
C6H13
+
C6H13
C6H13
7b
FeCl3
CH3NO2/CH2Cl2
rt, 2 h
FeCl3
6b (68%)15 (17%)
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Scheme 10. Scholl oxidative cyclodehydrogenation of 7d and 7f. 
3.3. STM Studies on Tetrabenzocircumpyrene: a Superior Atom Counter 
It had been previously shown that gold adatoms brought into contact with 
coronene molecules at selected aromatic rings result in the linear energy downshift of 
coronene’s ground state with each contacted atom, which can be used to determine 
the number of gold atoms contacted to the π-system of coronene thus demonstrating 
that coronene molecules can function as counters.53 It was predicted by calculations 
that a single molecule of 6a could accommodate up to eight gold atoms contacted to 
its π-system. 
The peripheral rings of 6a form one pair of armchair and two pairs of zig-zag 
edges and only spectra acquired from those edges presented tunneling resonances 
(Figure 13), while spectra taken from the center of the molecule were featureless. The 
spectra from zig-zag edges showed only one resonance peak corresponding to the 
HOMO orbital, whereas the spectra from the armchair edges showed two resonances 
CH2Cl2/CH3NO2
rt, 16 h
16
FeCl3
7d
CH2Cl2/CH3NO2
rt, 16 h
6f
FeCl3
7f
Cl
+
6f-Cl
66%
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corresponding to HOMO-1 and LUMO orbitals. As in the case of coronene,53 once one 
gold adatom is contacted the energies of all the resonances downshift with respect to 
those of 6a.  
 
Figure 13. Tunneling spectra acquired form 6a and 6a-Au molecules.  
Single gold atoms were extracted from the Au(111) surface by controllably 
indenting the STM tip and brought into contact with a molecule of 6a. As predicted, it 
was possible to fully contact up to eight gold atoms to the π-system of 
tetrabenzocircumpyrene. The shifts in the energy of the electronic states of the Aun-6a 
complexes, where n goes from 1 to 8, were measured by tunneling spectroscopy 
(Figure 14). These spectral shifts occur concomitantly with each subsequent atom 
contact and show a linear correlation with the number of contacted gold atoms, thus 
demonstrating that tetrabenzocircumpyrene can also function as an atom counter. 
 
 
6a
6a-Au 
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Figure 14. Energies of the different electronic states of Aun-6a complexes as a 
function of the number of contacted gold atoms. 
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4. CONCLUSIONS 
Tetrabenzocircumpyrene (6a), a new highly symmetric disc-shaped graphene 
cutout containing 54 carbon atoms, has been efficiently prepared in an simple and 
practical manner through a 6-step sequence from commercially available starting 
materials, which only requires 2 chromatographic purifications and can be performed 
in the gram scale (Scheme 11). 62  The electronic states of 6a have been fully 
characterized by STM, which allowed the unambiguous assignment of the structure of 
this compound. The synthetic method could also be applied to the preparation of 
functionalized derivatives, as well as expanded conjugated systems. 
 
Scheme 11. Synthesis of 6a. 
Furthermore, STM studies revealed that 6a can function as a superior atom 
counter that is able to accommodate up to eight contacted gold adatoms.  
																																																								
62  Dorel, R.; Manzano, C.; Grisolia, M.; Soe, W.-H.; Joachim, C.; Echavarren, A. M. 
Chem. Commun. 2015, 51, 6932–6935. 
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5. EXPERIMENTAL SECTION 
5.1. General Methods 
Reactions under argon atmosphere were carried out in solvents dried by passing 
through an activated alumina column on a PureSolvTM solvent purification system 
(Innovative Technologies, Inc., MA). Thin layer chromatography was carried out 
using TLC aluminum sheets coated with 0.2 mm of silica gel (Merck Gf234). 
Chromatographic purifications were carried out using flash grade silica gel (SDS 
Chromatogel 60 ACC, 40-60 µm). Organic solutions were concentrated under 
reduced pressure on a Büchi rotary evaporator. All reagents were used as purchased 
without further purification, unless otherwise stated. 
NMR spectra were recorded at 25 ºC on a Bruker Avance 300, 400 Ultrashield 
and Bruker Avance 500 Ultrashield apparatus, or at 120 ºC on a Bruker Avance 500 
Ultrashield apparatus. Mass spectra were recorded on a Waters LCT Premier 
Spectrometer (ESI and APCI) or on an Autoflex Broker Daltonics (MALDI and LDI). 
Melting points were determined using a Büchi melting point apparatus.  
Crystal structure determinations were carried out using a Bruker-Nonius 
diffractomer equipped with an APPEX 2 4K CCD area detector, a FR591 rotating 
anode with MoKa radiation, Montel mirrors as monochromator and a Kryoflex low 
temperature device (T = -173 ºC). Full-sphere data collection was used with w and j 
scans. Programs used: Data collection APEX-2, data reduction Bruker Saint V/.60A 
and absorption correction SADABS. Structure Solution and Refinement: Crystal 
structure solution was achieved using direct methods as implement in SHELXTL and 
visualized using the program XP. Missing atoms were subsequently located from 
difference Fourier synthesis and added to the atom list. Least-squares refinement on 
F2 using all measured intensities was carried out using the program SHELXTL. All 
non-hydrogen atoms were refined including anisotropic displacement parameters. 
The molecules investigated by STM were sublimed on a Au(111) crystal 
surface which was previously cleaned using standard cleaning methods consisting of 
cycles of sputtering, using a beam of ionized Neon gas, and subsequent annealing. 
Evaporation parameters were adjusted to deposit minute amounts of molecules down 
to submonolayer coverages that are enough to result on the adsorption of single 
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molecules on the substrate terraces. After preparation, samples were cooled down and 
transferred to the STM chamber where they thermalized to temperatures down to 
about 7K, the base temperature of the LT-UHV-STM instrument used in all the 
experiments. The ESQC dI/dV STM images were calculated using a mono-electronic 
description of the tip apex-molecule-surface tunneling junction.  
5.2. Synthetic Procedures and Analytical Data 
 
Triphenylene-1,4-dione (9). A suspension of triphenylene (11.40 g, 50.00 mmol) in 
AcOH (250 mL) was slowly added to a suspension of CrO3 (20.00 g, 200.00 mmol) 
and 18-crown-6 (2.00 g) in AcOH (750 mL) at 0 ºC. Once the addition was complete 
the mixture was heated at 60 ºC for 4 h and then cooled down to room temperature, 
diluted with CH2Cl2 (1.5 L), and washed with water (3x1 L) and a saturated solution 
of NaHCO3 (3x1 L). The organic layer was dried over MgSO4 and concentrated under 
reduced pressure. The product was obtained after purification by silica gel column 
chromatography (cyclohexane:CH2Cl2 4:1 to 1:1) as an orange solid (5.30 g, 20.05 
mmol, yield = 41%).  
Melting point = 174-176 ºC. 1H NMR (400 MHz, CDCl3) δ 9.28 (dd, J = 8.7, 1.3 Hz, 
2H), 8.71 (dd, J = 8.0, 1.2 Hz, 2H), 7.87 – 7.70 (m, 4H), 6.96 (s, 2H). 13C NMR (101 
MHz, CDCl3) δ 188.7, 137.8, 133.3, 130.2, 129.5, 129.2, 128.5, 126.8, 122.7. HRMS 
(APCI+) m/z calc. for C18H11O2 [M+H]+: 259.0754. Found: 259.0747. 
X-ray quality single crystals were obtained by slow evaporation of a solution of 9 in 
CHCl3.  
 
 
O
O
	 71	
 
Tetrabenzo[a,c,j,l]tetracene-9,20-dione (8). 9 (2.69 g, 10.41 mmol), 13 (5.69 g, 
15.63 mmol), and KI (17.28 g, 104.10 mmol) were dissolved in DMF (300 mL) and 
the mixture was heated at 110 ºC for 20 h. After cooling down to room temperature, 
the precipitate was filtered off and washed with water (2x200 mL), acetone (2x200 
mL), and CH2Cl2 (2x200 mL) to afford the title compound mixed with variable 
amounts of partially reduced tetrabenzo[a,c,j,l]tetracene-9,20(10H,19H)-dione (8’) as 
an insoluble orange solid (3.33 g, 7.26 mmol, yield = 70%).  
Melting point > 300 ºC. 1H NMR (500 MHz, CD2Cl4, 398 K) δ 8.99 (d, J = 8.3 Hz, 
2H), 8.91 (s, 2H), 8.34-8.29 (m, 2H), 8.18 (d, J = 8.0 Hz, 2H), 8.13-8.07 (m, 2H), 
7.28-7.17 (m, 8H). HRMS (LDI-) m/z calc. for C34H18O2 [M]+: 458.1307. Found: 
458.1300. 
 
9,20-Di(naphthalen-1-yl)tetrabenzo[a,c,j,l]tetracene (7a). To a solution of 1-
bromonaphthalene (677 mg, 3.3 mmol) in anhydrous Et2O (20 mL) under Ar 
atmosphere at 0 ºC, a solution of n-BuLi 2.5 M in hexanes (1.3 mL, 3.3 mmol) was 
slowly added. After stirring at this temperature for 30 min, this solution was 
transferred via cannula to a suspension of 8+8’ (500 mg, ≈1.1 mmol) in anhydrous 
toluene (20 mL) under Ar atmosphere and the resulting mixture was stirred at room 
temperature for 3 h. The reaction was quenched by the addition of saturated solution 
of NH4Cl (30 mL), the organic phase was separated and the aqueous phase extracted 
with CH2Cl2 (2x20 mL). The combined organic phases were dried over MgSO4 and 
the solvents evaporated to afford the crude mixture of 14syn, 14anti, 14’syn, and 
14’anti. This mixture was directly suspended in AcOH (60 mL) and then HI (57% wt. 
O
O
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% in H2O, 1 mL) was added. After stirring at 100 ºC for 16 h and cooling down to 
room temperature, a saturated solution of Na2S2O3 (25 mL) was added followed by 
extraction with CH2Cl2 (3x60 mL). The combined organic layers were washed with a 
saturated solution of NaHCO3 (2x100 mL, CO2 evolution), dried over MgSO4, 
filtered, and concentrated under reduced pressure. The crude solid was dissolved in 
toluene (80 mL) and treated with DDQ (500 mg, 2.2 mmol) at 70 ºC for 1 h. After 
cooling down to room temperature, the mixture was diluted with EtOAc (50 mL) and 
washed with a solution of NaOH (10% wt., 3x60 mL), and water (3x60 mL). The 
organic phase was dried over MgSO4 and the solvents were removed under reduced 
pressure. Purification by silica gel column chromatography (cyclohexane:CH2Cl2 1:0 
to 4:1) gave the title compound as an intense yellow solid (256.8 mg, 0.38 mmol, 
yield over 3 steps = 34%, mixture syn:anti ≈ 1:5).  
Melting point > 300 ºC. 1H NMR (300 MHz, CDCl3) δ 8.79 (s, 0.4H) (syn), 8.63 (s, 
2H) (anti), 8.51 – 8.38 (m, 2.4H) (syn+anti), 8.35 – 8.24 (m, 2.4H) (syn+anti), 8.22 – 
8.08 (m, 4.8H) (syn+anti), 7.87 – 7.43 (m, 16.8H) (syn+anti), 7.41 – 7.23 (m, 7.2H) 
(syn+anti), 6.88 – 6.79 (m, 2.4H) (syn+anti). 13C NMR (75 MHz, CDCl3) δ (anti) 
140.1, 134.2, 134.1, 133.8, 131.9, 131.3, 130.9, 130.4, 130.1, 130.1, 129.9, 129.8, 
128.8, 128.6, 127.8, 127.4, 127.4, 127.4, 127.2, 126.9, 126.6, 126.2, 126.2, 123.4, 
123.4, 123.2, 122.1. HRMS (APCI+) m/z calc. for C54H33 [M+H]+: 681.2577. Found: 
681.2573.  
X-ray quality single crystals were obtained by layering a solution of 7a in CHCl3 with 
MeOH followed by addition of small amounts of CH2Cl2 to redissolve the precipitate 
formed at the interface.  
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9,20-Bis(4-hexylnaphthalen-1-yl)tetrabenzo[a,c,j,l]tetracene (7b). Procedure 
described for 7a starting from 1-bromo-4-hexylnaphthalene.63 Yellow solid (297.2 
mg, 0.35 mmol, yield over 3 steps = 32%, mixture syn:anti < 1:10).  
Melting point = 278-280 ºC. 1H NMR (300 MHz, CDCl3) δ 8.61 (d, J = 1.8 Hz, 2H), 
8.45 – 8.39 (m, 2H), 8.39 – 8.27 (m, 4H), 7.74 (dd, J = 8.5, 1.4 Hz, 2H), 7.72 – 7.59 
(m, 4H), 7.61 – 7.44 (m, 8H), 7.36 – 7.23 (m, 6H), 6.81 (ddd, J = 8.4, 7.2, 1.4 Hz, 
2H), 3.42 – 3.30 (m, 4H), 2.01 (p, J = 7.2 Hz, 4H), 1.68 – 1.39 (m, 12H), 0.99 (t, J = 
6.9 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ 139.5, 138.3, 134.5, 134.4, 132.3, 131.8, 
131.5, 131.1, 130.3, 130.2, 130.0, 129.8, 129.5, 128.1, 127.6, 127.3, 127.3, 127.1, 
126.7, 126.2, 126.1, 125.8, 124.7, 123.4, 123.3, 123.2, 122.2, 33.4, 31.9, 30.9, 29.5, 
22.8, 14.2. HRMS (MALDI+) m/z calc. for C66H56 [M]+: 848.4382. Found: 848.4368. 
X-ray quality single crystals were obtained by layering a solution of 7b in CHCl3 with 
MeOH followed by addition of small amounts of CH2Cl2 to redissolve the precipitate 
formed at the interface.  
 
																																																								
63 1-Bromo–4-hexylnaphthalene and 1-bromo–4-dodecylnaphthalene were prepared 
according to: Cammidge, A. N.; Gopee, H. Chem. Eur. J. 2006, 12, 8609–8613. 
C6H13
C6H13
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9,20-Bis(4-dodecylnaphthalen-1-yl)tetrabenzo[a,c,j,l]tetracene (7c). Procedure 
described for 7a starting from 1-bromo-4-dodecylnaphthalene.63 Orange solid (291.0 
mg, 0.29 mmol, yield over 3 steps = 26%, mixture syn:anti ≈ 1:10).  
Melting point = 184-186 ºC. 1H NMR (500 MHz, CDCl3) δ 8.78 (s, 0.3H) (syn), 8.62 
(s, 2H) (anti), 8.46 (d, J = 7.7 Hz, 0.3H) (syn), 8.43 (d, J = 7.4 Hz, 2H) (anti), 8.36 (d, 
J = 8.6 Hz, 2H) (anti), 8.31 (d, J = 6.8 Hz, 2.3H) (syn+anti), 8.29 (d, J = 7.9 Hz, 
0.3H) (syn), 7.85 – 7.80 (m, 0.6H) (syn), 7.75 (dd, J = 8.6, 1.3 Hz, 2H) (anti), 7.68 
(dd, J = 8.4, 1.2 Hz, 2H) (anti), 7.67 (d, J = 8.2 Hz, 0.3H) (syn), 7.66 – 7.63 (m, 2H), 
7.62 – 7.51 (m, 6.9H) (syn+anti), 7.48 (ddd, J = 8.2, 7.0, 1.2 Hz, 2H) (anti), 7.38 – 
7.23 (m, 7.2H) (syn+anti), 6.83 (ddd, J = 8.4, 7.0, 1.3 Hz, 2.3H) (syn+anti), 3.43 – 
3.29 (m, 4.6H) (syn+anti), 2.08 – 1.92 (m, 4.6H) (syn+anti), 1.65 – 1.55 (m, 4.6H) 
(syn+anti), 1.55 – 1.47 (m, 4.6H) (syn+anti), 1.45 – 1.26 (m, 32.2H) (syn+anti), 0.96 
– 0.90 (m, 6.9H) (syn+anti). 13C NMR (126 MHz, CDCl3) (anti) δ 139.5, 138.3, 
134.5, 134.4, 132.3, 131.8, 131.5, 131.1, 130.3, 130.2, 130.0, 129.8, 129.5, 128.1, 
127.6, 127.3, 127.3, 127.1, 127.0, 126.6, 126.2, 126.1, 125.8, 124.7, 123.4, 123.3, 
123.1, 122.2, 33.4, 32.0, 30.9, 29.8, 29.8, 29.8, 29.8, 29.8, 29.7, 29.4, 22.7, 14.1. 
HRMS (MALDI+) m/z calc. for C78H80 [M]+: 1016.6260. Found: 1016.6276.  
X-ray quality single crystals were obtained by layering a solution of 7c in CHCl3 with 
MeOH followed by addition of small amounts of CH2Cl2 to redissolve the precipitate 
formed at the interface.  
 
C12H25
C12H25
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9,20-Bis(1,2-dihydroacenaphthylen-5-yl)tetrabenzo[a,c,j,l]tetracene (7d). 
Procedure described for 7a starting from 5-bromoacenaphthene.64 Orange solid (185.0 
mg, 0.25 mmol, yield over 3 steps = 25%, mixture syn:anti ≈ 1:2.7).  
Melting point = 235-237 ºC. 1H NMR (300 MHz, CDCl3) δ 9.01 (s, 0.7H) (syn), 8.89 
(s, 2H) (anti), 8.51 – 8.42 (m, 2.7H) (syn+anti), 8.32 – 8.22 (m, 2.7H) (syn+anti), 7.96 
(d, J = 8.1 Hz, 1H) (anti), 7.84 – 7.73 (m, 3H) (syn+anti), 7.71 – 7.60 (m, 5.3H) 
(syn+anti), 7.58 – 7.45 (m, 5.3H) (syn+anti), 7.43 – 7.19 (m, 11.7H) (syn+anti), 6.90 
– 6.80 (m, 2.7H) (syn+anti), 3.66 (s, 10.8H) (syn+anti). 13C NMR (75 MHz, CDCl3) δ 
146.5, 146.5, 139.8, 135.0, 133.5, 132.4, 132.2, 131.9, 131.8, 131.8, 131.1, 130.5, 
130.4, 130.1, 130.1, 129.8, 128.5, 127.8, 127.7, 127.4, 127.3, 127.3, 126.9, 126.1, 
126.0, 123.7, 123.7, 123.3, 123.2, 123.2, 122.1, 122.1, 121.7, 121.7, 120.1, 119.7, 
119.6, 30.8, 30.5 (peaks missing due to overlapping). HRMS (MALDI+) m/z calc. for 
C58H37 [M+H]+: 733.2890. Found: 733.2891.  
X-ray quality single crystals were obtained by layering a solution of 7d in CHCl3 with 
MeOH followed by addition of small amounts of CH2Cl2 to redissolve the precipitate 
formed at the interface.  
 
																																																								
64  5-Bromoacenaphthene was prepared according to: Ross, S. D.; Finkelstein, M.; 
Petersen, R. C. J. Am. Chem. Soc. 1958, 80, 4327–4330. 
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9,20-Di(phenanthren-9-yl)tetrabenzo[a,c,j,l]tetracene (7e). Procedure described for 
7a starting from 9-bromophenanthrene. Orange solid (299.7 mg, 0.38 mmol, yield 
over 3 steps = 38%, mixture syn:anti < 1:10).  
Melting point = 269-271 ºC. 1H NMR (300 MHz, CDCl3) δ 9.04 (d, J = 8.3 Hz, 2H), 
8.99 (d, J = 8.5 Hz, 2H), 8.66 (s, 2H), 8.38 (dd, J = 8.3, 1.2 Hz, 2H), 8.31 (dd, J = 8.2, 
1.4 Hz, 2H), 7.96 (s, 2H), 7.90 – 7.78 (m, 8H), 7.78 – 7.73 (m, 2H), 7.67 (dd, J = 7.6, 
1.1 Hz, 2H), 7.55 (dd, J = 8.4, 1.3 Hz, 2H), 7.43 (ddt, J = 8.2, 6.9, 1.3 Hz, 4H), 7.32 
(ddd, J = 8.2, 7.1, 1.2 Hz, 2H), 7.22 (ddd, J = 8.2, 7.0, 1.2 Hz, 2H), 6.79 (ddd, J = 8.4, 
7.1, 1.3 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 138.7, 134.1, 133.3, 132.5, 131.9, 
131.2, 130.8, 130.8, 130.5, 130.5, 130.3, 130.0, 130.0, 129.2, 128.6, 127.8, 127.4, 
127.4, 127.4, 127.2, 127.0, 126.9, 126.9, 126.9, 126.4, 123.5, 123.4, 123.4, 123.1, 
122.8, 122.3. HRMS (APCI+) m/z calc. for C62H37 [M+H]+: 781.2890. Found: 
781.2889.  
X-ray quality single crystals were obtained by layering a solution of 7e in CHCl3 with 
MeOH followed by addition of small amounts of CH2Cl2 to redissolve the precipitate 
formed at the interface.  
 
	 77	
 
9,20-Di([1,1'-binaphthalen]-4-yl)tetrabenzo[a,c,j,l]tetracene (7f). Procedure 
described for 7a starting from 4-bromo-1,1’-binaphthalene.65 Orange solid (273.3 mg, 
0.29 mmol, yield over 3 steps = 29%, complex mixture of rotational isomers).   
Melting point > 300 ºC. HRMS (MALDI+) m/z calc. for C74H44 [M]+: 932.3243. 
Found: 932.3446. 
 
Tetrabenzocircumpyrene (6a). FeCl3 (4.58 g, 28.26 mmol) was dissolved in 
CH3NO2 (70 mL), the solution was degassed by bubbling Ar for 10 min and then 
transferred to a degassed solution of 7a (1.05 g, 1.58 mmol) in CH2Cl2 (70 mL) at 0 
ºC. The resulting mixture was stirred at room temperature for 16 h. Then the reaction 
was quenched by addition of 1 mL of MeOH and the suspended solid filtered off and 
washed with H2O (3x100 mL), acetone (3x100 mL), and CH2Cl2 (5x100 mL). After a 
soxhlet extraction with benzene for 2 h the product was obtained as a highly insoluble 
black solid (1.01 g, 1.52 mmol, yield = 96%). 
																																																								
65  4-Bromo–1–1’-binaphthalene was prepared according to: Hainke, S.; Singh, I.; 
Hemmings, J.; Seitz, O. J. Org. Chem. 2007, 72, 8811–8819. 
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Melting point > 300 ºC. HRMS (LDI+) m/z calc. for C54H20 [M]+: 668.1560. Found: 
668.1501. 
 
Dihexyltetrabenzocircumpyrene (6b). Procedure described for 6a starting from 7b 
(84.9 mg, 0.1 mmol). Insoluble black solid (71.1 mg, 0.085 mmol, yield = 85%).  
Melting point > 300 ºC. HRMS (LDI+) m/z calc. for C66H44 [M]+: 836.3443. Found: 
836.3411. 
 
Didodecyltetrabenzocircumpyrene (6c). Procedure described for 6a starting from 7c 
(101.7 mg, 0.1 mmol). Insoluble black solid (54.3 mg, 0.054 mmol, yield = 54%).  
Melting point > 300 ºC. HRMS (MALDI+) m/z calc. for C78H68 [M]+: 1004.5321. 
Found: 1004.5355. 
C6H13
C6H13
C12H25
C12H25
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Hexabenzocircumpyrene (6e). Procedure described for 6a starting from 7e (78.1 mg, 
0.1 mmol). Insoluble black solid (49.2 mg, 0.064 mmol, yield = 64%).  
Melting point > 300 ºC. HRMS (MALDI+) m/z calc. for C78H68 [M]+: 768.1878. 
Found: 768.1884. 
 
10,19-Dihexyltetrabenzo[a,fg,ij,o]benzo[5,6]tetrapheno[8,9,10,11-rst]pentaphene 
(15). Procedure described for 6a starting from 7b (84.9 mg, 0.1 mmol). Reaction time 
= 2 h. The resulting mixture was diluted 40 times with CH2Cl2, filtered and washed 
with water (3x100 mL). The organic layer was separated, dried over MgSO4 and the 
solvent evaporated. The crude mixture was then filtered through a pad of silica eluting 
with copious amounts of CH2Cl2 (over 1 L every 0.1 mmol of starting material) due to 
the low solubility of the product. After evaporation of the solvent the title compound 
was obtained as a dark brown solid with poor solubility in standard organic solvents 
(14.4 mg, 0.017 mmol, yield = 17%). 
Melting point > 300 ºC. 1H NMR (500 MHz, C2D2Cl4, 398 K) δ 9.04 – 8.99 (m, 2H), 
8.47 – 8.40 (m, 2H), 8.37 – 8.32 (m, 2H), 8.31 – 8.27 (m, 2H), 8.25 – 8.20 (m, 2H), 
7.89 – 7.83 (m, 2H), 7.83 – 7.78 (m, 2H), 7.51 – 7.44 (m, 2H), 7.21 – 7.15 (m, 2H), 
C6H13
C6H13
	 80	
7.11 – 7.03 (m, 2H), 6.96 – 6.88 (m, 2H), 6.80 – 6.72 (m, 2H) + aliphatic protons. 
HRMS (MALDI+) m/z calc. for C66H52 [M]+: 844.4069. Found: 844.4059. 
X-ray quality single crystals were obtained by heating a suspension of 15 in C2D2Cl4 
over 100 ºC followed by slow cooling to room temperature.  
 
9,10,19,20-Tetrahydrodibenzo[fg,ij]benzo[5,6]tetrapheno[8,9,10,11-
rst]diindeno[7,1-ab:1',7'-no]pentaphene (16). Procedure described for 6a starting 
from 7d (84.9 mg, 0.1 mmol). Insoluble black solid (48.1 mg, 0.066 mmol, yield = 
66%). 
Melting point > 300 ºC. 1H NMR (500 MHz, C2D2Cl4, 398 K) δ 9.98 (bs, 2H), 9.11 
(bs, 2H), 9.01 (bs, 2H), 8.88 (bs, 2H), 8.65 (bs, 2H), 8.55 (bs, 2H), 8.23 – 7.98 (m, 
4H), 7.78 – 7.31 (m, 8H), 4.01 – 3.48 (m, 8H). HRMS (MALDI+) m/z calc. for 
C58H32 [M]+: 728.2504. Found: 728.2472. 
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5.3. Crystallographic Data 
5.3.1. Triphenylene-1,4-dione (9) 
 
Table 2. Crystal data and structure refinement for 9. 
 
Identification Code CCDC 1035605 
Empirical formula  C18 H10 O2  
Formula weight  258.26  
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1)  
Unit cell dimensions a = 5.2561(11) Å a = 90.00 ° 
 b = 9.121(2) Å b = 90.00 ° 
 c = 24.027(5) Å g = 90.00 ° 
Volume 1151.8(4) Å3 
Z 4  
Density (calculated) 1.489 Mg/m3 
Absorption coefficient 0.097 mm-1 
F(000)  536  
Crystal size  0.30 x 0.15 x 0.05 mm3 
Theta range for data collection 1.70 to 29.83 °. 
Index ranges -7 <=h<=4 ,-12 <=k<=12 ,-30 <=l<=33  
Reflections collected  10774  
Independent reflections 3051 [R(int) = 0.0616 ] 
Completeness to theta =29.83 °  95.8%  
Absorption correction  Empirical 
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Max. and min. transmission  0.9952 and 0.9716  
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  3051 / 0 / 181  
Goodness-of-fit on F2  1.052  
Final R indices [I>2sigma(I)]  R1 = 0.0555 , wR2 = 0.1338  
R indices (all data)  R1 = 0.0730 , wR2 = 0.1431  
Flack parameter  x =2(2)  
Largest diff. peak and hole  0.266 and -0.320 e.Å-3 
 
5.3.2. 9,20-Di(naphthalen-1-yl)tetrabenzo[a,c,j,l]tetracene (7a) 
 
 
Table 3. Crystal data and structure refinement for 7a. 
 
Identification Code CCDC 1035606 
Empirical formula  C54 H32  
Formula weight  680.80  
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c  
Unit cell dimensions a = 9.2045(10) Å a= 90.00 ° 
 b = 16.8399(17) Å b = 90.064(4) ° 
 c = 22.397(2) Å g = 90.00 ° 
Volume 3471.6(6) Å3 
Z 4  
Density (calculated) 1.303 Mg/m3 
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Absorption coefficient 0.074 mm-1 
F(000)  1424  
Crystal size  0.20 x 0.08 x 0.08 mm3 
Theta range for data collection 1.51 to 32.13 °. 
Index ranges -11 <=h<=13 ,-25 <=k<=16 ,-18 <=l<=32  
Reflections collected  30518  
Independent reflections 10289 [R(int) = 0.0624 ] 
Completeness to theta =32.13 °  84.3%  
Absorption correction  Empirical 
Max. and min. transmission  0.9941 and 0.9854  
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  10289 / 225 / 586  
Goodness-of-fit on F2  1.060  
Final R indices [I>2sigma(I)]  R1 = 0.0887 , wR2 = 0.1815  
R indices (all data)  R1 = 0.1572 , wR2 = 0.2101  
Largest diff. peak and hole  0.367 and -0.215 e.Å-3 
 
5.3.3. 9,20-Bis(4-hexylnaphthalen-1-yl)tetrabenzo[a,c,j,l]tetracene (7b) 
 
Table 4. Crystal data and structure refinement for 7b. 
Identification Code CCDC 1035608 
Empirical formula  C66.15 H56.83 Cl0.45  
Formula weight  867.69 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
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Space group  P2(1)/c  
Unit cell dimensions a = 9.3755(6)Å a = 90° 
 b = 26.1158(14)Å             b = 101.625(2)° 
 c = 20.0039(14)Å g = 90° 
Volume 4797.5(5) Å3 
Z 4 
Density (calculated) 1.201 Mg/m3 
Absorption coefficient 0.092 mm-1 
F(000)  1846 
Crystal size  0.04 x 0.005 x 0.005 mm3 
Theta range for data collection 1.874 to 25.042°. 
Index ranges -11<=h<=7,-27<=k<=27,-23<=l<=22 
Reflections collected  22882 
Independent reflections 7790[R(int) = 0.0418] 
Completeness to theta =25.042°  97.899994%  
Absorption correction  Empirical 
Max. and min. transmission  1.000 and 0.887 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  7790/ 1192/ 1015 
Goodness-of-fit on F2  1.056 
Final R indices [I>2sigma(I)]  R1 = 0.0769, wR2 = 0.2148 
R indices (all data)  R1 = 0.1286, wR2 = 0.2486 
Largest diff. peak and hole  0.665 and -0.531 e.Å-3 
 
5.3.4. 9,20-Bis(4-dodecylnaphthalen-1-yl)tetrabenzo[a,c,j,l]tetracene (7c) 
 
Table 5. Crystal data and structure refinement for 7c. 
Identification Code CCDC 1035607 
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Empirical formula  C78 H81.40  
Formula weight  1018.83  
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1  
Unit cell dimensions a = 7.6054(2) Å a= 72.252(2) ° 
 b = 18.7609(6) Å b = 84.027(2) ° 
 c = 21.2252(8) Å g = 87.900(2) ° 
Volume 2868.67(16) Å3 
Z 2  
Density (calculated) 1.180 Mg/m3 
Absorption coefficient 0.066 mm-1 
F(000)  1099  
Crystal size  0.06 x 0.01 x 0.001 mm3 
Theta range for data collection 1.14 to 29.91 °. 
Index ranges -10 <=h<=10 ,-26 <=k<=26 ,-29 <=l<=29  
Reflections collected  25427  
Independent reflections 15305 [R(int) = 0.0232 ] 
Completeness to theta =29.91 °  92.1%  
Absorption correction  Empirical 
Max. and min. transmission  0.9999 and 0.9960  
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  15305 / 852 / 1103  
Goodness-of-fit on F2  1.013  
Final R indices [I>2sigma(I)]  R1 = 0.0603 , wR2 = 0.1406  
R indices (all data)  R1 = 0.1053 , wR2 = 0.1644  
Largest diff. peak and hole  0.355 and -0.295 e.Å-3 
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5.3.5. 9,20-Bis(1,2-dihydroacenaphthylen-5-yl)tetrabenzo[a,c,j,l]tetracene (7d) 
 
 
 
Table 6. Crystal data and structure refinement for 7d. 
Empirical formula  C58 H36  
Formula weight  732.87 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1  
Unit cell dimensions a = 7.5916(5)Å a = 80.184(4)° 
 b = 13.6990(9)Å b = 86.704(4)° 
 c = 18.3098(13)Å g = 81.188(4)° 
Volume 1853.2(2) Å3 
Z 2 
Density (calculated) 1.313 Mg/m3 
Absorption coefficient 0.074 mm-1 
F(000)  768 
Crystal size  0.10 x 0.03 x 0.03 mm3 
Theta range for data collection 1.129 to 26.706°. 
Index ranges -9<=h<=9,-17<=k<=16,-23<=l<=23 
Reflections collected  27864 
Independent reflections 7812[R(int) = 0.1231] 
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Completeness to theta =26.706°  99.2%  
Absorption correction  Empirical 
Max. and min. transmission  0.998 and 0.878 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  7812/ 956/ 776 
Goodness-of-fit on F2  0.950 
Final R indices [I>2sigma(I)]  R1 = 0.0883, wR2 = 0.1912 
R indices (all data)  R1 = 0.2677, wR2 = 0.2747 
Largest diff. peak and hole  0.266 and -0.271 e.Å-3 
 
Table 7. Bond lengths [Å] and angles [°] for 7d. 
 
Bond lengths 
C1-C6   1.409(7) 
C1-C2   1.423(7) 
C1-C47   1.527(6) 
C1-C47'   1.538(9) 
C2-C7   1.365(14) 
C2-C3   1.443(7) 
C2-C7'   1.475(12) 
C3-C22   1.379(18) 
C3-C4   1.424(7) 
C3-C22'   1.441(14) 
C4-C5   1.401(6) 
C4-C23   1.496(6) 
C5-C6   1.451(7) 
C5-C35   1.472(7) 
C6-C46   1.494(7) 
C7-C8   1.375(9) 
C8-C21   1.430(9) 
C8-C9   1.463(9) 
C9-C14   1.392(9) 
C9-C10   1.395(9) 
C10-C11   1.369(10) 
C11-C12   1.384(11) 
C12-C13   1.383(10) 
C13-C14   1.433(10) 
C14-C15   1.463(9) 
C15-C16   1.395(9) 
C15-C20   1.411(9) 
C16-C17   1.362(9) 
C17-C18   1.389(9) 
C18-C19   1.364(9) 
C19-C20   1.399(8) 
C20-C21   1.455(8) 
C21-C22   1.389(9) 
C7'-C8'   1.375(9) 
C8'-C21'   1.428(8) 
C8'-C9'   1.467(9) 
C9'-C14'   1.390(9) 
C9'-C10'   1.394(9) 
C10'-C11'   1.366(10) 
C11'-C12'   1.380(11) 
C12'-C13'   1.380(10) 
C13'-C14'   1.432(10) 
C14'-C15'   1.461(9) 
C15'-C16'   1.395(9) 
C15'-C20'   1.413(8) 
C16'-C17'   1.360(9) 
C17'-C18'   1.392(9) 
C18'-C19'   1.364(8) 
C19'-C20'   1.400(8) 
C20'-C21'   1.459(8) 
C21'-C22'   1.391(8) 
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C23-C24   1.380(6) 
C23-C28   1.421(6) 
C24-C25   1.425(6) 
C25-C26   1.349(6) 
C26-C27   1.406(6) 
C26-C29   1.509(6) 
C27-C31   1.389(6) 
C27-C28   1.422(6) 
C28-C34   1.412(6) 
C29-C30   1.533(6) 
C30-C31   1.524(6) 
C31-C32   1.360(6) 
C32-C33   1.422(6) 
C33-C34   1.358(6) 
C35-C40   1.395(7) 
C35-C36   1.418(7) 
C36-C37   1.377(7) 
C37-C38   1.388(7) 
C38-C39   1.384(7) 
C39-C40   1.405(7) 
C40-C41   1.464(7) 
C41-C42   1.379(7) 
C41-C46   1.412(7) 
C42-C43   1.369(7) 
C43-C44   1.356(7) 
C44-C45   1.369(7) 
C45-C46   1.406(7) 
C47-C48   1.392(7) 
C47-C58   1.404(9) 
C48-C53   1.420(7) 
C48-C49   1.425(9) 
C49-C50   1.377(8) 
C50-C51   1.411(9) 
C51-C52   1.336(9) 
C52-C53   1.384(9) 
C52-C54   1.520(9) 
C53-C56   1.410(10) 
C54-C55   1.543(10) 
C55-C56   1.506(8) 
C56-C57   1.383(9) 
C57-C58   1.419(8) 
C47'-C48'   1.402(11) 
C47'-C58'   1.409(13) 
C48'-C53'   1.424(11) 
C48'-C49'   1.427(12) 
C49'-C50'   1.379(13) 
C50'-C51'   1.414(13) 
C51'-C52'   1.341(12) 
C52'-C53'   1.388(13) 
C52'-C54'   1.518(12) 
C53'-C56'   1.412(14) 
C54'-C55'   1.550(15) 
C55'-C56'   1.514(12) 
C56'-C57'   1.382(13) 
C57'-C58'   1.420(13) 
 
Angles 
C6-C1-C2  119.9(5) 
C6-C1-C47  123.9(5) 
C2-C1-C47  116.0(5) 
C6-C1-C47'  105.8(10) 
C2-C1-C47'  118.0(11) 
C7-C2-C1  124.4(7) 
C7-C2-C3  115.0(7) 
C1-C2-C3  119.6(5) 
C1-C2-C7'  121.1(6) 
C3-C2-C7'  117.9(6) 
C22-C3-C4  120.3(7) 
C4-C3-C22'  124.5(6) 
C22-C3-C2  119.6(7) 
C4-C3-C2  119.8(5) 
C22'-C3-C2  115.2(6) 
C5-C4-C3  119.4(5) 
C5-C4-C23  121.3(5) 
C3-C4-C23  118.6(4) 
C4-C5-C6  120.0(5) 
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C4-C5-C35  121.5(5) 
C6-C5-C35  118.5(5) 
C1-C6-C5  119.0(5) 
C1-C6-C46  123.8(5) 
C5-C6-C46  117.1(5) 
C2-C7-C8  123.6(11) 
C7-C8-C21  117.0(8) 
C7-C8-C9  123.2(8) 
C21-C8-C9  119.8(8) 
C14-C9-C10  118.2(8) 
C14-C9-C8  119.7(7) 
C10-C9-C8  122.1(8) 
C11-C10-C9  122.4(9) 
C10-C11-C12  120.9(9) 
C13-C12-C11  118.1(9) 
C12-C13-C14  121.7(9) 
C9-C14-C13  118.6(8) 
C9-C14-C15  120.9(8) 
C13-C14-C15  120.5(8) 
C16-C15-C20  117.5(7) 
C16-C15-C14  122.4(8) 
C20-C15-C14  120.0(7) 
C17-C16-C15  122.6(8) 
C16-C17-C18  119.7(9) 
C19-C18-C17  119.3(8) 
C18-C19-C20  121.9(8) 
C19-C20-C15  118.8(7) 
C19-C20-C21  121.6(8) 
C15-C20-C21  119.6(7) 
C22-C21-C8  118.3(9) 
C22-C21-C20  121.8(9) 
C8-C21-C20  119.9(7) 
C3-C22-C21  121.3(12) 
C8'-C7'-C2  123.5(8) 
C7'-C8'-C21'  118.8(7) 
C7'-C8'-C9'  121.0(7) 
C21'-C8'-C9'  120.0(7) 
C14'-C9'-C10'  119.4(7) 
C14'-C9'-C8'  119.3(7) 
C10'-C9'-C8'  121.1(7) 
C11'-C10'-C9'  122.2(9) 
C10'-C11'-C12' 120.1(9) 
C13'-C12'-C11' 119.2(9) 
C12'-C13'-C14' 121.6(9) 
C9'-C14'-C13'  117.6(7) 
C9'-C14'-C15'  121.3(7) 
C13'-C14'-C15' 120.9(8) 
C16'-C15'-C20' 118.2(7) 
C16'-C15'-C14' 121.8(7) 
C20'-C15'-C14' 120.0(7) 
C17'-C16'-C15' 122.7(8) 
C16'-C17'-C18' 119.1(8) 
C19'-C18'-C17' 119.7(8) 
C18'-C19'-C20' 122.2(8) 
C19'-C20'-C15' 118.0(7) 
C19'-C20'-C21' 122.3(7) 
C15'-C20'-C21' 119.4(7) 
C22'-C21'-C8'  118.1(7) 
C22'-C21'-C20' 121.9(7) 
C8'-C21'-C20'  119.9(7) 
C21'-C22'-C3  125.9(9) 
C24-C23-C28  118.3(5) 
C24-C23-C4  121.9(5) 
C28-C23-C4  119.7(4) 
C23-C24-C25  123.0(5) 
C26-C25-C24  119.5(5) 
C25-C26-C27  118.9(5) 
C25-C26-C29  133.6(4) 
C27-C26-C29  107.4(4) 
C31-C27-C26  113.7(4) 
C31-C27-C28  123.4(5) 
C26-C27-C28  122.9(5) 
C34-C28-C23  127.7(5) 
C34-C28-C27  114.9(5) 
C23-C28-C27  117.4(4) 
C26-C29-C30  106.1(4) 
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C31-C30-C29  104.7(4) 
C32-C31-C27  120.1(5) 
C32-C31-C30  131.8(5) 
C27-C31-C30  108.1(4) 
C31-C32-C33  117.9(5) 
C34-C33-C32  122.3(5) 
C33-C34-C28  121.4(5) 
C40-C35-C36  117.7(5) 
C40-C35-C5  120.5(5) 
C36-C35-C5  121.5(5) 
C37-C36-C35  121.7(5) 
C36-C37-C38  120.0(5) 
C39-C38-C37  119.1(6) 
C38-C39-C40  121.7(6) 
C35-C40-C39  119.5(5) 
C35-C40-C41  120.1(5) 
C39-C40-C41  120.4(5) 
C42-C41-C46  118.8(5) 
C42-C41-C40  121.5(5) 
C46-C41-C40  119.7(5) 
C43-C42-C41  123.3(5) 
C44-C43-C42  118.4(5) 
C43-C44-C45  120.5(5) 
C44-C45-C46  122.4(5) 
C45-C46-C41  116.4(5) 
C45-C46-C6  122.7(5) 
C41-C46-C6  120.6(5) 
C48-C47-C58  118.2(5) 
C48-C47-C1  116.6(5) 
C58-C47-C1  125.1(6) 
C47-C48-C53  118.2(6) 
C47-C48-C49  126.3(5) 
C53-C48-C49  115.5(6) 
C50-C49-C48  118.4(6) 
C49-C50-C51  124.1(7) 
C52-C51-C50  117.5(7) 
C51-C52-C53  120.5(7) 
C51-C52-C54  130.8(7) 
C53-C52-C54  108.6(6) 
C52-C53-C56  113.0(6) 
C52-C53-C48  123.7(7) 
C56-C53-C48  123.2(7) 
C52-C54-C55  104.5(5) 
C56-C55-C54  105.5(5) 
C57-C56-C53  118.4(6) 
C57-C56-C55  133.6(6) 
C53-C56-C55  108.0(6) 
C56-C57-C58  118.3(6) 
C47-C58-C57  123.5(6) 
C48'-C47'-C58' 115.9(11) 
C48'-C47'-C1  105.9(11) 
C58'-C47'-C1  136.5(15) 
C47'-C48'-C53' 119.2(11) 
C47'-C48'-C49' 125.3(12) 
C53'-C48'-C49' 115.0(12) 
C50'-C49'-C48' 118.0(13) 
C49'-C50'-C51' 125.1(14) 
C52'-C51'-C50' 116.7(13) 
C51'-C52'-C53' 120.0(13) 
C51'-C52'-C54' 130.6(14) 
C53'-C52'-C54' 108.8(11) 
C52'-C53'-C56' 112.2(11) 
C52'-C53'-C48' 124.0(15) 
C56'-C53'-C48' 122.4(15) 
C52'-C54'-C55' 105.0(10) 
C56'-C55'-C54' 104.5(9) 
C57'-C56'-C53' 117.1(11) 
C57'-C56'-C55' 134.0(12) 
C53'-C56'-C55' 108.9(10) 
C56'-C57'-C58' 118.7(15) 
C47'-C58'-C57' 123.1(15) 
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Table 8. Torsion angles [°] for 7d. 
 
C6-C1-C2-C7_a -165.9(9) 
C47-C1-C2-C7 18.9(12) 
C47'-C1-C2-C7 -34.5(13) 
C6-C1-C2-C3  2.0(9) 
C47-C1-C2-C3 -173.2(5) 
C47'-C1-C2-C3 133.4(9) 
C6-C1-C2-C7'  168.2(7) 
C47-C1-C2-C7' -7.0(9) 
C47'-C1-C2-C7' -60.4(11) 
C7-C2-C3-C22 -12.6(15) 
C1-C2-C3-C22 178.4(12) 
C7'-C2-C3-C22 11.7(15) 
C7-C2-C3-C4  161.2(8) 
C1-C2-C3-C4  -7.8(8) 
C7'-C2-C3-C4  -174.5(6) 
C7-C2-C3-C22' -25.8(13) 
C1-C2-C3-C22' 165.2(10) 
C7'-C2-C3-C22' -1.5(12) 
C22-C3-C4-C5 174.3(12) 
C22'-C3-C4-C5 -171.8(11) 
C2-C3-C4-C5  0.6(8) 
C22-C3-C4-C23 -14.3(13) 
C22'-C3-C4-C23 -0.3(12) 
C2-C3-C4-C23 172.0(5) 
C3-C4-C5-C6  12.3(7) 
C23-C4-C5-C6 -158.9(5) 
C3-C4-C5-C35 -170.0(5) 
C23-C4-C5-C35 18.8(7) 
C2-C1-C6-C5  10.7(8) 
C47-C1-C6-C5 -174.5(5) 
C47'-C1-C6-C5 -125.8(10) 
C2-C1-C6-C46 -164.7(5) 
C47-C1-C6-C46 10.0(9) 
C47'-C1-C6-C46 58.8(11) 
C4-C5-C6-C1  -18.1(7) 
C35-C5-C6-C1 164.2(5) 
C4-C5-C6-C46 157.7(5) 
C35-C5-C6-C46 -20.1(7) 
C1-C2-C7-C8  -165.1(11) 
C3-C2-C7-C8  26.5(17) 
C7'-C2-C7-C8  -76(2) 
C2-C7-C8-C21 -20(2) 
C2-C7-C8-C9  157.4(13) 
C7-C8-C9-C14 179.3(14) 
C21-C8-C9-C14 -3(2) 
C7-C8-C9-C10 -2(2) 
C21-C8-C9-C10 175.9(14) 
C14-C9-C10-C11 -1(2) 
C8-C9-C10-C11 -179.8(14) 
C9-C10-C11-C12 -1(2) 
C10-C11-C12-C13 1(2) 
C11-C12-C13-C14 0.2(19) 
C10-C9-C14-C13 2.5(19) 
C8-C9-C14-C13 -178.7(13) 
C10-C9-C14-C15 -178.8(13) 
C8-C9-C14-C15 0(2) 
C12-C13-C14-C9 -2(2) 
C12-C13-C14-C15 179.2(13) 
C9-C14-C15-C16 -178.0(14) 
C13-C14-C15-C16 1(2) 
C9-C14-C15-C20 1(2) 
C13-C14-C15-C20 -179.9(15) 
C20-C15-C16-C17 3(2) 
C14-C15-C16-C17 -177.7(14) 
C15-C16-C17-C18 -5(2) 
C16-C17-C18-C19 2(2) 
C17-C18-C19-C20 2(2) 
C18-C19-C20-C15 -4(3) 
C18-C19-C20-C21 178.0(17) 
C16-C15-C20-C19 2(2) 
C14-C15-C20-C19 -177.9(15) 
C16-C15-C20-C21 179.5(16) 
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C14-C15-C20-C21 0(2) 
C7-C8-C21-C22 0(2) 
C9-C8-C21-C22 -178.0(16) 
C7-C8-C21-C20 -177.8(16) 
C9-C8-C21-C20 4(2) 
C19-C20-C21-C22 -3(3) 
C15-C20-C21-C22 179.5(18) 
C19-C20-C21-C8 175.0(17) 
C15-C20-C21-C8 -3(3) 
C4-C3-C22-C21 -179.9(14) 
C22'-C3-C22-C21 67(4) 
C2-C3-C22-C21 -6(2) 
C8-C21-C22-C3 13(3) 
C20-C21-C22-C3 -169.7(18) 
C7-C2-C7'-C8' 83(2) 
C1-C2-C7'-C8' -171.2(8) 
C3-C2-C7'-C8' -4.7(12) 
C2-C7'-C8'-C21' 5.7(15) 
C2-C7'-C8'-C9' -178.4(9) 
C7'-C8'-C9'-C14' -176.5(11) 
C21'-C8'-C9'-C14' -0.6(17) 
C7'-C8'-C9'-C10' -1.9(16) 
C21'-C8'-C9'-C10' 174.0(12) 
C14'-C9'-C10'-C11' 0.4(18) 
C8'-C9'-C10'-C11' -174.3(11) 
C9'-C10'-C11'-C12' -1(2) 
C10'-C11'-C12'-C13' 2(2) 
C11'-C12'-C13'-C14' -3(2) 
C10'-C9'-C14'-C13' -1.1(17) 
C8'-C9'-C14'-C13' 173.6(11) 
C10'-C9'-C14'-C15' -175.0(12) 
C8'-C9'-C14'-C15' -0.2(17) 
C12'-C13'-C14'-C9' 2.5(19) 
C12'-C13'-C14'-C15' 176.3(12) 
C9'-C14'-C15'-C16' 177.7(12) 
C13'-C14'-C15'-C16' 4.1(19) 
C9'-C14'-C15'-C20' -0.7(19) 
C13'-C14'-C15'-C20' -174.3(13) 
C20'-C15'-C16'-C17' 0.2(19) 
C14'-C15'-C16'-C17' -178.2(13) 
C15'-C16'-C17'-C18' 1.6(19) 
C16'-C17'-C18'-C19' -2(2) 
C17'-C18'-C19'-C20' 1(2) 
C18'-C19'-C20'-C15' 1(2) 
C18'-C19'-C20'-C21' 175.4(15) 
C16'-C15'-C20'-C19' -2(2) 
C14'-C15'-C20'-C19' 176.9(14) 
C16'-C15'-C20'-C21' -176.1(13) 
C14'-C15'-C20'-C21' 2(2) 
C7'-C8'-C21'-C22' -0.2(18) 
C9'-C8'-C21'-C22' -176.2(13) 
C7'-C8'-C21'-C20' 178.3(12) 
C9'-C8'-C21'-C20' 2.3(18) 
C19'-C20'-C21'-C22' 1(2) 
C15'-C20'-C21'-C22' 175.3(15) 
C19'-C20'-C21'-C8' -177.5(15) 
C15'-C20'-C21'-C8' -3(2) 
C8'-C21'-C22'-C3 -6(2) 
C20'-C21'-C22'-C3 175.1(16) 
C22-C3-C22'-C21' -106(5) 
C4-C3-C22'-C21' 179.8(12) 
C2-C3-C22'-C21' 7(2) 
C5-C4-C23-C24 -123.9(5) 
C3-C4-C23-C24 64.9(7) 
C5-C4-C23-C28 58.9(6) 
C3-C4-C23-C28 -112.4(5) 
C28-C23-C24-C25 -1.1(7) 
C4-C23-C24-C25 -178.3(5) 
C23-C24-C25-C26 0.7(8) 
C24-C25-C26-C27 -0.2(7) 
C24-C25-C26-C29 178.6(5) 
C25-C26-C27-C31 179.0(4) 
C29-C26-C27-C31 -0.1(5) 
C25-C26-C27-C28 0.1(7) 
C29-C26-C27-C28 -178.9(4) 
C24-C23-C28-C34 -178.5(5) 
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C4-C23-C28-C34 -1.1(7) 
C24-C23-C28-C27 1.0(6) 
C4-C23-C28-C27 178.3(4) 
C31-C27-C28-C34 0.2(6) 
C26-C27-C28-C34 179.0(4) 
C31-C27-C28-C23 -179.2(4) 
C26-C27-C28-C23 -0.5(6) 
C25-C26-C29-C30 -178.9(5) 
C27-C26-C29-C30 0.0(5) 
C26-C29-C30-C31 0.1(5) 
C26-C27-C31-C32 -178.2(4) 
C28-C27-C31-C32 0.6(7) 
C26-C27-C31-C30 0.2(5) 
C28-C27-C31-C30 179.0(4) 
C29-C30-C31-C32 177.9(5) 
C29-C30-C31-C27 -0.2(5) 
C27-C31-C32-C33 -0.7(7) 
C30-C31-C32-C33 -178.6(4) 
C31-C32-C33-C34 -0.1(7) 
C32-C33-C34-C28 1.0(7) 
C23-C28-C34-C33 178.4(5) 
C27-C28-C34-C33 -1.0(6) 
C4-C5-C35-C40 -158.8(5) 
C6-C5-C35-C40 18.9(7) 
C4-C5-C35-C36 26.4(7) 
C6-C5-C35-C36 -155.9(5) 
C40-C35-C36-C37 6.7(8) 
C5-C35-C36-C37 -178.4(5) 
C35-C36-C37-C38 -2.7(9) 
C36-C37-C38-C39 -1.4(9) 
C37-C38-C39-C40 1.5(10) 
C36-C35-C40-C39 -6.4(8) 
C5-C35-C40-C39 178.6(5) 
C36-C35-C40-C41 171.1(4) 
C5-C35-C40-C41 -3.9(8) 
C38-C39-C40-C35 2.5(9) 
C38-C39-C40-C41 -175.0(6) 
C35-C40-C41-C42 173.0(5) 
C39-C40-C41-C42 -9.5(8) 
C35-C40-C41-C46 -9.4(8) 
C39-C40-C41-C46 168.1(5) 
C46-C41-C42-C43 -2.2(9) 
C40-C41-C42-C43 175.4(5) 
C41-C42-C43-C44 3.5(10) 
C42-C43-C44-C45 -1.5(9) 
C43-C44-C45-C46 -1.8(9) 
C44-C45-C46-C41 3.1(8) 
C44-C45-C46-C6 176.7(5) 
C42-C41-C46-C45 -1.1(8) 
C40-C41-C46-C45 -178.7(5) 
C42-C41-C46-C6 -174.8(5) 
C40-C41-C46-C6 7.5(8) 
C1-C6-C46-C45 9.4(8) 
C5-C6-C46-C45 -166.1(5) 
C1-C6-C46-C41 -177.2(5) 
C5-C6-C46-C41 7.3(8) 
C6-C1-C47-C48 70.4(8) 
C2-C1-C47-C48 -114.6(6) 
C47'-C1-C47-C48 -9.6(15) 
C6-C1-C47-C58 -109.5(7) 
C2-C1-C47-C58 65.4(8) 
C47'-C1-C47-C58 170.5(16) 
C58-C47-C48-C53 -0.3(11) 
C1-C47-C48-C53 179.7(9) 
C58-C47-C48-C49 179.2(7) 
C1-C47-C48-C49 -0.7(10) 
C47-C48-C49-C50 -177.5(7) 
C53-C48-C49-C50 2.0(13) 
C48-C49-C50-C51 -5.3(13) 
C49-C50-C51-C52 6.3(12) 
C50-C51-C52-C53 -4.1(12) 
C50-C51-C52-C54 178.6(10) 
C51-C52-C53-C56 178.7(8) 
C54-C52-C53-C56 -3.5(15) 
C51-C52-C53-C48 1.3(18) 
C54-C52-C53-C48 179.2(12) 
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C47-C48-C53-C52 179.4(10) 
C49-C48-C53-C52 -0.1(17) 
C47-C48-C53-C56 2.3(17) 
C49-C48-C53-C56 -177.3(11) 
C51-C52-C54-C55 -176.7(7) 
C53-C52-C54-C55 5.7(13) 
C52-C54-C55-C56 -5.8(10) 
C52-C53-C56-C57 -179.4(8) 
C48-C53-C56-C57 -2.0(17) 
C52-C53-C56-C55 -0.4(14) 
C48-C53-C56-C55 177.0(11) 
C54-C55-C56-C57 -177.2(9) 
C54-C55-C56-C53 4.0(11) 
C53-C56-C57-C58 -0.3(12) 
C55-C56-C57-C58 -178.9(7) 
C48-C47-C58-C57 -2.0(9) 
C1-C47-C58-C57 178.0(6) 
C56-C57-C58-C47 2.3(10) 
C6-C1-C47'-C48' -131(2) 
C2-C1-C47'-C48' 92(2) 
C47-C1-C47'-C48' -8.8(16) 
C6-C1-C47'-C58' 33(5) 
C2-C1-C47'-C58' -104(4) 
C47-C1-C47'-C58' 155(5) 
C58'-C47'-C48'-C53' -4(6) 
C1-C47'-C48'-C53' 163(4) 
C58'-C47'-C48'-C49' -177(4) 
C1-C47'-C48'-C49' -9(4) 
C47'-C48'-C49'-C50' 170(4) 
C53'-C48'-C49'-C50' -3(6) 
C48'-C49'-C50'-C51' 5(7) 
C49'-C50'-C51'-C52' 2(6) 
C50'-C51'-C52'-C53' -10(6) 
C50'-C51'-C52'-C54' 180(5) 
C51'-C52'-C53'-C56' -180(4) 
C54'-C52'-C53'-C56' -8(8) 
C51'-C52'-C53'-C48' 13(9) 
C54'-C52'-C53'-C48' -175(7) 
C47'-C48'-C53'-C52' -180(5) 
C49'-C48'-C53'-C52' -6(9) 
C47'-C48'-C53'-C56' 15(9) 
C49'-C48'-C53'-C56' -172(5) 
C51'-C52'-C54'-C55' 178(4) 
C53'-C52'-C54'-C55' 7(7) 
C52'-C54'-C55'-C56' -4(6) 
C52'-C53'-C56'-C57' -175(5) 
C48'-C53'-C56'-C57' -8(9) 
C52'-C53'-C56'-C55' 6(7) 
C48'-C53'-C56'-C55' 173(6) 
C54'-C55'-C56'-C57' 180(5) 
C54'-C55'-C56'-C53' -1(6) 
C53'-C56'-C57'-C58' -9(7) 
C55'-C56'-C57'-C58' 170(4) 
C48'-C47'-C58'-C57' -13(6) 
C1-C47'-C58'-C57' -176(3) 
C56'-C57'-C58'-C47' 20(7) 
 
 
 
 
 
 
 
 
 
 
	 95	
5.3.6. 9,20-Di(phenanthren-9-yl)tetrabenzo[a,c,j,l]tetracene (7e) 
 
 
 
Table 9. Crystal data and structure refinement for 7e. 
Identification Code CCDC 1035609 
Empirical formula  C62 H36  
Formula weight  780.91 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1  
Unit cell dimensions a = 10.1459(4)Å               a=66.7820(10)° 
 b = 14.0677(6)Å b = 77.518(2)° 
 c = 15.4819(7)Å g = 85.704(2)° 
Volume 1982.63(15) Å3 
Z 2 
Density (calculated) 1.308 Mg/m3 
Absorption coefficient 0.074 mm-1 
F(000)  816 
Crystal size  0.30 x 0.10 x 0.02 mm3 
Theta range for data collection 1.575 to 25.998°. 
Index ranges -11<=h<=12,-16<=k<=17,-19<=l<=19 
Reflections collected  22068 
Independent reflections 7717[R(int) = 0.0255] 
Completeness to theta =25.998°  99.0%  
	 96	
Absorption correction  Empirical 
Max. and min. transmission  0.998 and 0.919 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  7717/ 948/ 811 
Goodness-of-fit on F2  1.036 
Final R indices [I>2sigma(I)]  R1 = 0.0538, wR2 = 0.1433 
R indices (all data)  R1 = 0.0763, wR2 = 0.1594 
Largest diff. peak and hole  0.332 and -0.267 e.Å-3 
 
5.3.7. 10,19-Dihexyltetrabenzo[a,fg,ij,o]benzo[5,6]tetrapheno[8,9,10,11-
rst]pentaphene (15) 
 
 
Table 10. Crystal data and structure refinement for 15. 
Identification Code CCDC 1035610 
Empirical formula  C68 H54 Cl4  
Formula weight  1012.91 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c  
Unit cell dimensions a = 47.051(2)Å a= 90° 
 b = 9.3095(5)Å                 b = 125.063(2)° 
 c = 27.9099(13)Å g = 90° 
Volume 10006.6(9) Å3 
Z 8 
Density (calculated) 1.345 Mg/m3 
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Absorption coefficient 0.282 mm-1 
F(000)  4240 
Crystal size  0.03 x 0.005 x 0.002 mm3 
Theta range for data collection 1.783 to 29.461°. 
Index ranges -64<=h<=64,-12<=k<=12,-34<=l<=38 
Reflections collected  83017 
Independent reflections 13669[R(int) = 0.0394] 
Completeness to theta =29.461°  98.4%  
Absorption correction  Empirical 
Max. and min. transmission  0.999 and 0.914 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  13669/ 197/ 727 
Goodness-of-fit on F2  1.014 
Final R indices [I>2sigma(I)]  R1 = 0.0677, wR2 = 0.1859 
R indices (all data)  R1 = 0.0915, wR2 = 0.2041 
Largest diff. peak and hole  0.978 and -0.862 e.Å-3 
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Chapter II: 
Gold-Catalyzed Synthesis of Hydroacenes 
 
1. Introduction 
1.1. Structure, Reactivity, and Properties of Acenes 
Acenes are a class of PAHs consisting of planar sets of linearly fused benzene 
rings. The smallest members of this family, such as naphthalene and anthracene, can 
be extracted from petroleum resources. In contrast, higher homologues from tetracene 
can only be obtained via multi-step syntheses, and there is a rapid decrease in 
solubility and stability as the number of annealed rings grows (Figure 15). 
Nevertheless, higher acenes have been the subject of intense study over the last 
decades due to their interesting electronic, thermodynamic, and optical properties, 
which make them appealing materials for use in molecular electronics.66  
 
Figure 15. Increased reactivity in the series of n-acenes. 
The unstable nature of larger acenes was rationalized by Erich Clar taking 
																																																								
66  a) Bendikov, M.; Wudl, F.; Perepichka, D. F. Chem. Rev. 2004, 104, 4891–4946. b) 
Anthony, J. E. Chem. Rev. 2006, 106, 5028–5048. c) Anthony, J. E. Angew. Chem. Int. 
Ed. 2008, 47, 452–483. d) Sun, Z.; Ye, Q.; Chi, C.; Wu, J. Chem. Soc. Rev. 2012, 41, 
7857–7889.  
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advantage of the aromatic sextet concept earlier advanced by Armit and Robinson.67 
According to the Clar’s rule, the Kekulé resonance structure bearing the largest 
number of disjoint aromatic sextets, which are defined as six π-electrons localized in a 
single benzene-like ring separated from adjacent rings by formal C-C single bonds, is 
the most important for the characterization of the properties of polycyclic aromatic 
hydrocarbons.68 Thus, the Clar structure of a given PAH is the resonant form having 
the maximum number of isolated and localized aromatic π-sextets, with the minimum 
number of localized double bonds. Acenes constitute the only series of PAHs that 
possesses only one Clar aromatic sextet regardless of the number of fused rings.69 The 
fact that a single stabilizing aromatic sextet is spread over the whole conjugated 
system leads to an increase of the electronic properties and chemical reactivity with 
each additional fused ring. Thus, the HOMO-LUMO gap rapidly decreases upon 
further annulation, and there is an increasing reactivity at the centermost rings tending 
to break conjugation and form two separated smaller acenes, each of them with its 
own aromatic sextet (Figure 16).  
 
Figure 16. Formation of two separated Clar sextets from a large acene possessing a 
single sextet upon reaction at the centermost ring. 
The aromaticity in linear acenes increases from the edges of the molecule to the 
center rings according to nucleus-independent chemical shifts (NICS)70 and harmonic 
oscillator model of aromaticity (HOMA),69b as well as the magnitudes of the HOMO 
coefficients.71 These coefficients are consistent with the regioselectivities observed 																																																								
67  Armit, J. W.; Robinson, R. J. Chem. Soc., Trans. 1925, 127, 1604–1618. 
68  a) Clar E. Polycyclic Hydrocarbons, Academic Press, London, 1964. b) Clar, E. The 
Aromatic Sextet, Wiley, London, 1972. c) Randić, M. Chem. Rev. 2003, 103, 3449–
3606. 
69  a) Suresh, C. H.; Gadre, S. R. J. Org. Chem. 1999, 64, 2505–2512. b) Portella, G.; 
Poater, J.; Bofill, J. M.; Alemany, P.; Solà, M. J. Org. Chem. 2005, 70, 2509–2521. 
70  von Ragué Schleyer, P.; Maerker, C.; Dransfeld, A.; Jiao, H.; van Eikema Hommes, N. 
H. R. J. Am. Chem. Soc. 1996, 118, 6317–6318. 
71  von Ragué Schleyer, P.; Manoharan, M.; Jiao, H.; Stahl, F. Org. Lett. 2001, 3, 3643–
3646. 
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for example in Diels-Alder reactions with dienophiles, which preferentially take place 
at the central ring of the acene despite the fact of having greater aromaticity. 
In the solid state, acenes tend to adopt two common packing motifs: the 
herringbone, in which edge-to-face interactions dominate, or the coplanar 
arrangement, stacking along the long and short axes of the molecules with some 
degree of displacement (Figure 17).66b These arrangements permit electronic coupling 
between the π-electron clouds of the aromatic molecules, which enables efficient 
transport of charge along the molecules. 
 
Figure 17. Schematic representation of herringbone (left) and coplanar (right) 
molecular packings of acenes in the solid state. 
1.1.1. Decomposition pathways of acenes 
Acenes typically decompose through two main pathways, ‘butterfly’ 
dimerization or oligomerization processes via Diels-Alder reaction with dienophiles 
or [4+4] cycloaddition of the acene backbone, and addition with singlet oxygen to 
form an endoperoxide, which can be further oxidized to the corresponding quinone. 
These processes become more relevant as the number of fused rings of the acene 
increases.  
The dimerization of acenes has been addressed computationally,72 showing that 
the activation barrier for the dimerization process rapidly decreases as the number of 
fused rings increases. Tetracene can be photodimerized to yield a colorless ‘butterfly 
dimer’ 17, which reverts to the monomer upon heating (Scheme 12).73 This reversible 
dimerization led indeed to the use of tetracene as one of the first organic 
																																																								
72  Zade, S. S.; Zamoshchik, N.; Reddy, A. R.; Fridman-Marueli, G.; Sheberla, D.; 
Bendikov, M. J. Am. Chem. Soc. 2011, 133, 10803–10816. 
73  Bouas-Laurent, H.; Dürr, H. Pure Appl. Chem. 2001, 73, 639–665. 
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photochromic materials.74 Pentacene also forms the corresponding ‘butterfly dimer’ 
as a photodecomposition product, 75  although in contrast to the dimerization of 
tetracene, the formation of this dimer is not so easily reverted. The thermal reverse 
reaction is proposed to proceed via bipentacene dirradical intermediates, which could 
be the source of larger byproducts found during the high-temperature purification 
process of pentacene.76 Similarly, the formation of dimers was found to be the major 
decomposition pathway in the case of functionalized hexacenes. 77  Hence, steric 
blocking of the most reactive central rings is a common strategy in the context of the 
synthesis of higher acenes in order to minimize intermolecular reactions. 
 
Scheme 12. Reversible photodimerization of tetracene. 
The instability of larger acenes towards oxidation is one of the major limitations 
for their practical implementation in organic electronics. Acenes react with molecular 
oxygen in the presence of light and air to form endoperoxides, although the way this 
photooxidation takes place is still a matter of debate and different mechanisms 
including diradical, concerted, and electron transfer pathways have been proposed.78 
Once the endoperoxide is formed it can either revert to the parent acene79 or rearrange 
																																																								
74  Fritzsche, J.; Hebd, C. R. Seances Acad. Sci. 1867, 69, 1035–1037. 
75  Berg, O.; Chronister, E. L.; Yamashita, T.; Scott, G. W.; Sweet, R. M.; Calabrese, J. J. 
Phys. Chem. A 1999, 103, 2451–2459. 
76  Roberson, L. B.; Kowalik, J.; Tolbert, L. M.; Kloc, C.; Zeis, R.; Chi, X.; Fleming, R.; 
Wilkins, C. J. Am. Chem. Soc. 2005, 127, 3069–3075. 
77  Purushothaman, B.; Parkin, S. R.; Anthony, J. E. Org. Lett. 2010, 12, 2060–2063. 
78  a) Leach, A. G.; Houk, K. N. Chem. Commun. 2002, 1243–1255. b) Reddy, A. R.; 
Bendikov, M. Chem. Commun. 2006, 1179–1181. c) Chien, S.-H.; Cheng, M.-F.; Lau, 
K.-C.; Li, W. K. J. Phys. Chem. A 2005, 109, 7509–7518. 
79  Aubry, J.-M.; Pierlot, C.; Rigaudy, J.; Schmidt, R. Acc. Chem. Res. 2003, 36, 668–675. 
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to the corresponding quinones.80 The photooxidative resistance of acenes is highly 
impacted by the substituents attached to the conjugated core.81 
1.1.2. Functionalization strategies 
Several functionalization strategies have been developed in order to prevent 
highly reactive acenes from decomposition and therefore allow the preparation of new 
stable materials for molecular electronics.82  
One of the first substituents used on acenes to increase solubility and stability 
were simple aryl groups. 83  Indeed, probably one of the most intensively studied 
tetracene derivatives is 5,6,11,12-tetraphenyltetracene, also known as rubrene. Phenyl 
substituents in this case lead to a strong π-stacking in the solid state, which happens to 
be optimal for charge transport.84 However, although some diaryl pentacenes were 
stable enough to be used in organic light-emitting diodes (OLEDs), 85  diaryl 
hexacenes86  and therefore higher acenes turned out to be unstable towards either 
oxidation or dimerization regardless the nature of the aryl group.  
Bulky substituents close to the most reactive central rings of acenes inherently 
help stabilize them by preventing close contacts between the centermost rings of 
adjacent acenes, therefore blocking the dimerization decomposition pathway. 
However, these substituents must be chosen with care, since direct attachment of the 
bulky group to the acene may disrupt π-staking interactions, thus decreasing the 
charge mobility. Alkynes can be seen as rigid spacers between the acene core and the 
bulky group, and additionally they increase the stability of acenes towards 
photoinduced oxidation as a result of the stabilization of the LUMO orbital, which 
																																																								
80  Kohl, B.; Rominger, F.; Mastalerz, M. Angew. Chem. Int. Ed. 2015, 54, 6051–6056. 
81  Kaur, I.; Jia, W.; Kopreski, R. P.; Selvarasah, S.; Dokmeci, M. R.; Pramanik, C.; 
McGruer, N. E.; Miller, G. P. J. Am. Chem. Soc. 2008, 130, 16274–16286. 
82  Thorley, K. J.; Anthony, J. E. Isr. J. Chem. 2014, 54, 642–649. 
83  Allen, C. F. H.; Bell, A. J. Am. Chem. Soc. 1942, 64, 1253–1260. 
84  da Silva Filho, D. A.; Kim, E.-G.; Brédas, J.-L. Adv. Mater. 2005, 17, 1072–1076. 
85  Wolak, M. A.; Jang, B.-B.; Palilis, L. C.; Kafafi, Z. H. J. Phys. Chem. B 2004, 108, 
5492–5499. 
86  Mondal, R.; Adhikari, E. M.; Shah, B. K.; Neckers, D. C. Org. Lett. 2007, 9, 2505–
2508.	
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diminishes the ability to generate singlet oxygen.87 Furthermore, alkynyl substituents 
have been shown to strongly protect acenes from oxidative decomposition and 
promote a clean reconversion of endoperoxides to the parent acenes by simple heating 
in case they are formed.88 Hence, in recent years the use of silylethynyl groups has 
become a powerful tool to prepare stable derivatives of higher acenes.89,90,91,92 
The attachment of electron-withdrawing groups onto the acene backbone lowers 
both the HOMO and the LUMO orbitals of the acene. A lower HOMO energy level 
provides an increased stability towards oxidation, whereas a deep LUMO level, as 
well as a narrow HOMO-LUMO gap, is required in order to prepare acene-based 
materials that have good semiconducting properties. The introduction of halogen 
atoms directly bonded to the acene core is a very efficient way to prepare electron 
deficient acenes. As an example, perfluoropentacene was found to be the n-type 
organic semiconductor of choice for constructing high-performance p-n junctions and 
complementary circuits with pentacene. 93  Analogously, cyanoacenes are also 
expected to function as n-type semiconductors on the basis of their low LUMO 
levels.94 A related strategy to prevent photooxidation processes involves the use of 
thioaryl or thioalkyl substituents, which have been proposed to enable the quenching 
of 1O2 thus protecting the acene π-system from photooxidation.80 
Benzannulation of the acene core also leads to stabilized compounds,95 although 
the resulting acene derivatives no longer possess the desirable electronic properties of 
the parent acenes, which can be rationalized by invoking Clar’s aromatic sextet rule.68 
In contrast, cyclopenta-annulated acenes preserve the electronic nature of the native 																																																								
87  Maliakal, A.; Raghavachari, K.; Katz, H.; Chandross, E.; Siegrist, T. Chem. Mater. 
2004, 16, 4980–4986. 
88  Fudickar, W.; Linker, T. J. Am. Chem. Soc. 2012, 134, 15071–15082. 
89  a) Anthony, J. E.; Eaton, D. L.; Parkin, S. R. Org. Lett. 2002, 4, 15–18. b) Payne, M. 
M.; Delcamp, J. H.; Parkin, S. R.; Anthony, J. E. Org. Lett. 2004, 6, 1609–1612. 
90  Payne, M. M.; Parkin, S. R.; Anthony, J. E. J. Am. Chem. Soc. 2005, 127, 8028–8029. 
91  Chun, D.; Cheng, Y.; Wudl, F. Angew. Chem. Int. Ed. 2008, 47, 8380–8385. 
92  Qu, H.; Chi, C. Org. Lett. 2010, 12, 3360–3363. 
93  Sakamoto, Y.; Suzuki, T.; Kobayashi, M.; Gao, Y.; Fukai, Y.; Inoue, Y.; Sato, F.; 
Tokito, S. J. Am. Chem. Soc. 2004, 126, 8138–8140. 
94  Katsuta, S.; Miyagi, D.; Yamada, H.; Okijima, T.; Mori, S.; Nakayama, K.; Uno, H. 
Org. Lett. 2011, 13, 1454–1457. 
95  Rodríguez-Lojo, D.; Pérez, D.; Peña, D.; Guitián, E. Chem. Commun. 2015, 51, 5418–
5420. 
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acene with a single migrating π-sextet due to the isolation of a double bond in the 
five-membered ring (Figure 18). This strategy has been recently applied for the 
synthesis of bisindeno-annulated96 and biscyclopentannulated97 pentacene derivatives 
with a remarkably high photo-stability, which demonstrates the stabilizing effect of 
the cyclopentannulation on the acene backbone. 
 
 
Figure 18. Clar π-sextets for dibenzannulated pentacene (left) and dipentannulated 
pentacene (right). 
1.1.3. Acenes in organic electronic devices 
The motivation to synthesize and characterize new functionalized stable acene 
derivatives derives from the potential to use these compounds in the field of organic 
electronics as semiconducting materials with the aim of replacing some of the 
inorganic semiconductors that are currently used, thus reducing manufacturing costs 
and allowing the fabrication of lightweight, flexible devices. Acenes up to pentacene 
are extensively used in two main types of organic electronic devices, which are 
OLEDs and organic field-effect transistors (OFETs), although they are also suitable 
for use in photovoltaic devices and organic solar cells.66b 
OLEDs are light-emitting diodes in which a film made of an organic material is 
placed between two electrodes and emits light in response to an electric current due to 
the recombination of holes and electrons. The key parameter that determines the 
performances of OLEDs is the charge carrier mobility. Acenes show emission with 
relatively high quantum efficiencies, and therefore they are useful for OLEDs, 
wherein the acene core is the chromophore responsible for the emission. The major 
limitation of these compounds is the undesired emission with reduced efficiency 																																																								
96  Lakshiminarayana, A. N.; Chang, J.; Luo, J.; Zheng, B.; Huang, K.-W.; Chi, C. Chem. 
Commun. 2015, 51, 3604–3607. 
97  Bheemireddy, S. R.; Ubaldo, P. C.; Rose, P. W.; Finke, A. D.; Zhuang, J.; Wang, L.; 
Plunkett, K. N. Angew. Chem. Int. Ed. 2015, 54, 15762–15766. 
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caused by the formation of aggregates in the solid state or in the devices, which is 
usually overcome by the attachment of bulky groups to the central rings.66b Many 
acene derivatives have been successfully used as emissive materials in OLEDs 
(Figure 19). Thus, functionalized anthracene derivatives have been shown to yield 
efficient blue OLEDs, 98  whereas tetracene and pentacene derivatives are red 
emitters.85,99 
 
Figure 19. Selected examples of acene derivatives used in OLEDs. 
OFETs employing organic polymers or monomers as the active semiconductor 
layer are an alternative to traditional inorganic Si, Ge, and GaAs-based 
semiconductors. The advantages of thin film transistors based on organic materials 
with respect to their inorganic analogues arise from desirable properties such as 
mechanical flexibility, low production costs, and easiness of fabrication. Pentacene 
has been the most popular material of OFETs since the 1980s due to its high field-
effect mobility, although its low solubility and chemical instability towards oxidation 
to pentacene-quinone hampers the applicability of this material. Thus, in recent years 
efforts have been extensively devoted to the fabrication of devices with functionalized 
acene derivatives with increased solubility and stability with respect to their 
unfunctionalized counterparts with the aim of enhancing their efficiency.100 Other 
organic molecules such as polythiophenes, thiophene oligomers, or phthalocyanines 
have also shown good performances in OFET devices.  
																																																								
98  a) Zhang, Z. L.; Jiang, X. Y.; Zhu, W. Q.; Zheng, X. Y.; Wu, Y. Z.; Xu, S. H. Synth. 
Met. 2003, 137, 1141–1142. b) Kondakov, D. Y.; Sandifer, J. R.; Tang, C. W.; Young, 
R. H. J. Appl. Phys. 2003, 93, 1108–1119. c) Danel, K.; Huang, T.-H.; Lin, J. T.; Tao, 
Y.-T.; Chuen, C.-H. Chem. Mater. 2002, 14, 3860–3865. d) Tao, S.; Hong, Z.; Peng, 
Z.; Ju, W.; Zhang, X.; Wang, P.; Wu, S.; Lee, S. Chem. Phys. Lett. 2004, 397, 1–4. 
99  Odom, S. A.; Parkin, S. R.; Anthony, J. E. Org. Lett. 2003, 5, 4245–4248.  
100  Wang, C.; Dong, H.; Hu, W.; Liu, Y.; Zhu, D. Chem. Rev. 2012, 112, 2208–2267. 
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The use of acenes in photovoltaic cells is less explored than in OLEDs and 
OFETs, although they are attractive donor materials in organic solar cells due to their 
high charge carrier mobilities and broad absorption spectra. Solar cells based on 
polycrystalline pentacene/C60 heterojunctions show high photovoltaic efficiency.101 
TIPS-pentacene/C60 solar cells have been also reported, 102  albeit with a low 
performance mainly attributed to the undesired Diels-Alder reaction between TIPS-
pentacene and fullerene.103 As for other devices, functionalized acene derivatives with 
improved solubility and stability have also been examined as active materials for 
organic photovoltaics aiming at the improvement of the power conversion 
efficiency.104 
1.2. Strategies for the Synthesis of Higher Acenes105 
Acenes larger than pentacene have been predicted to exhibit lower 
reorganization energy,106 smaller band-gap,107 and higher charge carrier mobility.108 
Thus, the promising semiconducting properties of pentacene 109  as well as the 
improved electronic properties predicted theoretically for larger homologues have 
prompted a renewed interest among the synthetic community in the development of 
novel strategies for the preparation of higher acenes. Nevertheless, both the 
preparation and the application of extended acenes as functional materials are strongly 
limited by their low solubility in organic solvents and low stability to light and 
oxygen. In recent years a wide variety of stabilized higher acenes bearing different 
functionalities have been synthesized with the aim of improving their processability 
																																																								
101  a) Yoo, S.; Domercq, B.; Kippelen, B. Appl. Phys. Lett. 2004, 85, 5427–5429. b) 
Pandey, A. K.; Nunzi, J.-M. Appl. Phys. Lett. 2006, 89, 213506. 
102  Palilis, L. C.; Lane, P. A.; Kushto, G. P.; Purushothaman, B.; Anthony, J. E.; Kafafi, Z. 
H. Org. Electr. 2008, 9, 747–752. 
103  Miller, G. P.; Briggs, J.; Mack, J.; Lord, P. A.; Olmstead, M. M.; Balch, A. L. Org. 
Lett. 2003, 5, 4199–4202. 
104  Roncali, J.; Leriche, P.; Blanchard, P. Adv. Mater. 2014, 26, 3821–3838. 
105  Dorel, R.; Echavarren, A. M. Eur. J. Org. Chem. 2016, DOI: 10.1002/ejoc.201601129. 
106  Deng, W.-Q.; Goddard, W. A., III J. Phys. Chem. B 2004, 108, 8614–8621. 
107  Brocks, G.; van der Brink, J.; Morpurgo, A. F. Phys. Rev. Lett. 2004, 93, 146405. 
108  Cheng, Y. C.; Silbery, R. J.; da Silva Filho, D. A.; Calbert, J. P.; Cornil, J.; Brédas, J. 
L. J. Chem. Phys. 2003, 118, 3764–3774. 
109  Dimitrakopoulos, C. D.; Brown, A. R.; Pomp, A. J. Appl. Phys. 1996, 80, 2501–2508. 
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and optoelectronic properties.110,111 However, there is no general approach for the 
synthesis and functionalization of linearly condensed ring systems, and several 
strategies have been followed. 
1.2.1. Acenes by retrocycloaddition 
An approach to larger acenes is the use of stabilized masked precursors bearing 
solubilizing groups that can be cleanly removed to afford the parent acene.111 This 
strategy has allowed not only the preparation of new acene-based devices but also the 
access to non-substituted larger acenes up to nonacene,112 which due to their high 
reactivity need to be isolated in inert matrices. 
1.2.1.1. Thermally induced eliminations 
A pioneering work in this area reported in 1996 described the formation of 
pentacene in a film after deposition of a tetrachlorobenzene-pentacene adduct 
precursor 21a by thermally induced retro Diels-Alder. 113  This precursor and its 
brominated analogue 21b, which was also converted into pentacene in the solid state, 
were prepared through the Diels-Alder reaction of 20 and the corresponding 
tetrahalothiophenedioxide at high pressure (Scheme 13).114 Similarly, the thermolysis 
of 22, which results from the hydrogenation of 20 over Pd/C, gave rise to pentacene 
upon elimination of ethane at 250 ºC. Following this strategy, pentacene-based films 
have been accessed based on thermally-induced retro Diels-Alder reactions from spin-
coated solutions of the corresponding cycloadducts with different dienophiles 
including N-sulfinylbutylcarbamates, 115  dialkyl azodicarboxylates, 116  or diethyl 
																																																								
110  a) Tönshoff, C.; Bettinger, H. F. Top. Curr. Chem. 2014, 349, 1–30. b) Ye, Q.; Chi, C. 
Chem. Mater. 2014, 26, 4046–4056. c) Li, J.; Zhang, Q. Synlett 2013, 24, 686–696. d) 
Zade, S. S.; Bendikov, M. Angew. Chem. Int. Ed. 2010, 49, 4012–4015. 
111  Watanabe, M.; Chen, K.-Y.; Chang, Y. J.; Chow, T. J. Acc. Chem. Res. 2013, 46, 1606–
1615. 
112  Bettinger, H. F.; Tönshoff, C. Chem. Rec. 2015, 15, 364–369. 
113  Brown, A. R.; Pomp, A.; de Leeuw, D. M.; Klaassen, D. B. M.; Havinga, E. E.; 
Herwig, P.; Müllen, K. J. Appl. Phys. 1996, 79, 2136–2138. 
114  Herwig, P. T.; Müllen, K. Adv. Mater. 1999, 11, 480–483. 
115  a) Weidkamp, K. P.; Afzali, A.; Tromp, R. M.; Hamers, R. J. J. Am. Chem. Soc. 2004, 
126, 12740–12741. b) Afzali, A.; Kagan, C. R.; Traub, G. P. Synth. Met. 2005, 155, 
490–494. 
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ketomalonate,117 which was also used to prepare a soluble precursor of hexacene.118 
The thermal elimination of lactam bridges has also been applied to the synthesis of 
other related PAHs such as twistacenes, which are benzofused acene derivatives 
bearing rigid terminal pyrene units.119 
 
Scheme 13. Synthesis of pentacene by retro Diels-Alder reactions. 
Acene films prepared by solution-processed retro Diels-Alder reactions show 
higher mobilities in the case of substrates with smaller leaving groups, which has 
been attributed to the lower contamination of the resulting film by the extruded 
groups. 120  Thus, stable carbonyl-bridged derivatives cleanly generate the 
corresponding acenes by cheletropic thermal decarbonylation. As an example, starting 
from a double Diels-Alder reaction of an ortho-quinodimethane with 7-tert-
butoxynorbornadiene, intermediate 23 was obtained, which was transformed into 																																																																																																																																																														
116  a) Joung, M. J.; Ahn, J. H.; Kang, S. Y.; Baek, K. H.; Ahn, S. D.; Do, L. M.; Kim, C. 
A.; Kim, G. H.; You, I. K.; Yoon, S. M.; Suh, K. S. Bull. Korean, Chem. Soc. 2003, 24, 
1862–1864. b) Okamoto, K.; Shiodera, K.; Kawamura, T.; Ogino, K. J. Phys. Org. 
Chem. 2008, 21, 257–262. 
117  Chao, T.-H.; Chang, M.-J.; Watanabe, M.; Luo, M.-H.; Chang, Y. J.; Fang, T.-C.; 
Chen, K.-Y.; Chow, T. J. Chem. Commun. 2012, 48, 6148–6150. 
118  Watanabe, M.; Su, W.-T.; Chen, K.-Y.; Chien, C.-T.; Chao, T.-H.; Chang, Y. J.; Liu, 
S.-W.; Chow. T. J. Chem. Commun. 2013, 49, 2240–2242. 
119  Li, J.; Chen, S.; Wang, Z.; Zhang, Q. Chem. Rec. 2016, 16, 1518–1530. 
120  Jurchescu, O. D.; Baas, J.; Palstra, T. T. M. Appl. Phys. Lett. 2004, 84, 3061–3063. 
Br
Br
, n-BuLi
toluene, -40 ºC
o-chloranil
toluene, reflux75%
20
SO2
X
X
X X
CH2Cl2
6 kbar, 70 ºC
21a: X = Cl (75%)
21b: X = Br (70%)
X
X
X
X
180 ºC
X
X
X
X
- H2Pd/C
22
250 ºC
[ - C2H4 ]
18 1954%
	 112	
pentacene precursor 24 by deprotection and oxidation of the secondary alcohol at the 
bridge (Scheme 14).121 Precursor 24 undergoes extrusion of CO at 150 ºC giving rise 
to pentacene in almost quantitative yield, whereas its less symmetrical isomer with the 
oxomethano bridge between C5 and C14 undergoes the analogous elimination at 
temperatures below 130 ºC. 122  This strategy has recently been applied to the 
preparation of 2-halopentacenes.123 In a similar vein, ketal-bridged precursors afford 
pentacene by thermally-induced elimination of CO2 at higher temperatures.124 
 
Scheme 14. Synthesis of pentacene by cheletropic thermal decarbonylation. 
The synthesis of hexacene was also accomplished from the corresponding 
carbonyl-bridged precursor 28 in the solid state by extrusion of CO at 180 ºC under a 
nitrogen atmosphere (Scheme 15).125 Compound 28 was prepared in 6 steps from 3-
amino-2-naphthoic acid, which reacts with 6,6-dimethylfulvene to form bicyclic 
intermediate 25 through an in situ generated benzyne intermediate. The Diels-Alder 
reaction of 25 with 1,4-anthraquinone delivered cycloadduct 26, which gave rise to 
hexacene precursor 28 after reduction of the carbonyl moieties and oxidative cleavage 
of the bridging double bond. Single crystals of pure hexacene obtained by this method 																																																								
121  Chen, K.-Y.; Hsieh, H.-H.; Wu, C.-C.; Hwang, J.-J.; Chow, T. J. Chem. Commun. 
2007, 1065–1067. 
122  Chuang, T.-H.; Hsieh, H.-H; Chen, C.-K.; Wu, C.-C.; Lin, C.-C.; Chou, P.-T.; Chao, 
T.-H.; Chow, T. J. Org. Lett. 2008, 10, 2869–2872. 
123  Chien, C.-T.; Watanabe, M.; Chow, T. J. Tetrahedron 2015, 71, 1668–1673. 
124  Huang, H.-H.; Hsieh, H.-H.; Wu, C.-C.; Lin, C.-C.; Chou, P.-T.; Chuang, T.-H.; Wen, 
Y.-S.; Chow, T. J. Tetrahedron Lett. 2008, 49, 4494–4497. 
125  a) Watanabe, M.; Chang, Y. J.; Liu, S.-W.; Chao, T.-H.; Goto, K.; Islam, M. M.; Yuan, 
C.-H.; Tao, Y.-T.; Shinmyozu, T.; Chow, T. J. Nat. Chem. 2012, 4, 574–578. b) Chow, 
T. J. Chem. Rec. 2015, 15, 1137–1139. 
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could be grown by physical vapor-transport (PVT) and its structure could be thus 
unambiguously established by X-ray diffraction for the first time. The semiconducting 
properties could also be examined on the crystals. Furthermore, in contrast to 
previous reports,86 hexacene could be stored in the solid state under ambient 
conditions in the dark for more than one month without observing significant 
degradation, although this acene was found to be extremely sensitive in solution under 
light. 
 
Scheme 15. Synthesis of hexacene by thermal decarbonylation. 
1.2.1.2. Photochemically induced eliminations 
Despite the fact that the thermolysis of acene precursors into the parent acenes 
is an important strategy for solution processable OFET applications, the high 
temperatures required in the process often limit its applicability. In contrast, the 
photochemical conversion of suitable precursors into the corresponding conjugated 
acenes can be performed at room temperature or even lower, which has motivated the 
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synthesis of different types of photoconvertible acene precursors.126 
The first example of photochemical synthesis of acenes was reported in 2005 
for pentacene using the Strating-Zwanenburg reaction from precursor 30, which 
features a bicyclo[2.2.2]octa-2,3-dione framework (α-diketone precursor). 127  The 
synthesis of photoprecursor 30 was carried out by dihydroxylation of the etheno 
bridge of 20 to form diol 29, followed by a double Swern oxidation (Scheme 16). 
Alternatively, 30 could also be prepared from the parent pentacene by the Diels-Alder 
cycloaddition with vinylene carbonate, followed by hydrolysis under basic conditions. 
Irradiation of 30 in the absence of oxygen to avoid the formation of endoperoxides 
provided pentacene both in solution and in the solid state. Similarly, a solution of 
regioisomeric 5,14-diketopentacene in toluene was quantitatively converted into 
parent pentacene.128 The photodecarbonylation of α-diketone precursors has also been 
exploited for the preparation of functionalized pentacenes. 129  Furthermore, the 
conversion of the corresponding carbonyl-bridged precursors into pentacene122 and 
hexacene125 was also achieved photochemically in the absence of oxygen. 
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Scheme 16. Synthesis of pentacene from a α-diketone precursor 30. 
The synthesis of acenes larger than pentacene has remained elusive until very 
recently when, following the successful synthesis of pentacene,127 the photochemical 
conversion of stable α-diketone precursors has been applied to the synthesis of 
hexacene86 and larger acenes up to nonacene. However, higher unsubstituted acenes 
show a high propensity for dimerization or oligomerization that can only be prevented 
by isolating these materials in an inert matrix. In fact, while some approaches to 
heptacene were already reported back in the 1940s and 1950s,130 the characterization 
evidences for this molecule were not enough at that time to confirm the proposed 
structure, and therefore the existence of heptacene was for a long time controversial, 
leading to the conclusion that this acene was the limit with respect to stability. 
Only in 2006 could heptacene be unambiguously detected upon generation in a 
polymer matrix by photodegradation of the corresponding α-diketone precursor.131 
Heptacene could not be isolated when the irradiation was performed in a toluene 
solution, and its lifetime in the solid matrix was less than four hours due to the 
diffusion of oxygen into the matrix, which was nonetheless subsequently employed to 
develop a method to determine oxygen permeability of polymer films.132 Moreover, 
when heptacene was generated analogously in a cryogenic inert-gas matrix it 
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underwent a photoinitiated charge transfer to afford the corresponding radical ions.133 
Then, if the noble gas matrix was evaporated and the sample warmed to room 
temperature, heptacene was recovered as dimers or even higher oligomers,134 which 
have been proposed to be thermodynamically more stable than the monomer.72,135 
These oligomeric species give rise to a heptacene dication when dissolved in 
concentrated sulfuric acid, which shows a remarkable stability of more than one year 
in solution.136 
Earlier attempts to generate nonacene by thermally-induced extrusion of ethane 
were not successful most likely because of the reactive anthracene subunit present in 
the required precursor.114 Nevertheless, octacene and nonacene could be generated by 
using the photochemically induced bisdecarbonylation of the corresponding α-
diketone precursors 35 at 30 K in an argon matrix (Scheme 17). 137  The acene 
photoprecursors were conceived so that they did not contain any aromatic segment 
larger than anthracene to ensure both stability and solubility, and therefore two α-
diketone bridges were introduced per molecule. Thus, the acene backbones were 
constructed through a sequence of Diels-Alder cycloadditions that gave rise to 
partially hydrogenated derivatives 33 and 34, which were subjected to aromatization 
in the presence of o-chloranil, followed by a dihydroxylation/oxidation sequence 
similar to the one developed for the synthesis of pentacene precursors.127,128  
																																																								
133  Bettinger, H. F.; Mondal, R.; Neckers, D. C. Chem. Commun. 2007, 5209–5211. 
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Scheme 17. Synthesis of octacene and nonacene. 
1.2.2. Acenes from acenequinones 
Acenequinones are commonly used as starting materials for the preparation of 
acene derivatives by direct reduction of the carbonyl moieties or nucleophilic addition 
of organometallic species followed by reductive aromatization. These precursors are 
typically assembled through either Diels-Alder cycloadditions or intramolecular 
Friedel-Crafts-type processes and exhibit improved solubility and stability compared 
to their acene counterparts. 
1.2.2.1. Pentacene derivatives 
The addition of nucleophiles to acenequinones was early used to prepare 
pentacene derivatives with unique optoelectronic properties,83, 138  although the 
implementation of these materials in electronic devices was still hampered by their 
propensity to react with molecular oxygen in the presence of light. A breakthrough in 																																																								
138  a) Maulding, D. R.; Roberts, B. G. J. Org. Chem. 1969, 34, 1734–1736. c) Hanhela, P. 
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device-oriented acene derivatives was reported in 2001, when the synthesis of 6,13-
bis(triisopropylsilylethynyl)pentacene (37) was reported from pentacenequinone 36 
(Scheme 18).139 The triisopropylsilylethynyl substituents conferred enough solubility 
and stability to be processed under ambient conditions as well as significantly 
improved conductivity with respect to parent pentacene due to its arrangement in the 
solid state. Since then, several 6,13-dialkynylated pentacene derivatives have been 
prepared following this strategy.89,140 The synthesis of unsymmetrically substituted 
6,13-difunctionalized pentacenes was also achieved from 36 by controlling the 
stoichiometry of the two nucleophilic reagents with respect to the quinone. 141 
Furthermore, the use of secondary amines as the nucleophiles in the addition to 36 has 
recently been described in the presence of a reducing agent to afford electron-rich 
6,13-diaminopentacenes 38, which readily undergo a two-electron oxidation process 
that results in a structural change into a butterfly-like conformation of the pentacene 
moiety to provide 39.142 
																																																								
139  Anthony, J. E.; Brooks, J. S.; Eaton, D. L.; Parkin, S. R. J. Am. Chem. Soc. 2001, 123, 
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Y.; Hampel, F.; Jäger, C. M.; Clark, T.; Halik, M.; Tykwinski, R. R. Chem. Commun. 
2013, 49, 6725–6727. b) Zhang, J.; Pawle, R. H.; Haas, T. E.; Thomas S. W., III, Chem. 
Eur. J. 2014, 20, 5880–5884. c) Schwaben, J.; Münster, N.; Klues, M.; Breuer, T.; 
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Scheme 18. Synthesis of bis(silylethynyl)pentacene 37 and diaminopentacenes 38. 
Electron-deficient perfluoropentacene 41 was likewise synthesized from 
quinone 40 by exhaustive fluorination with SF4 followed by defluorination with Zn at 
280 ºC (Scheme 19).93  
 
Scheme 19. Synthesis of perfluoropentacene. 
6,13-Diaryl pentacenes 42, which can also be accessed from quinone 36, 
undergo a FeCl3-mediated Scholl reaction to afford regioselectively bisindeno-
annulated pentacenes 43, which exhibit a remarkably high photo-stability in solution 
(Scheme 20).96  
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Scheme 20. Synthesis of bisindeno-annulated pentacenes 43. 
On the other hand, the direct reduction of 6,13-pentacenequinones has been 
widely used for the preparation of pentacene derivatives without substituents at the 
centermost ring. Indeed, the stepwise reduction of 36 via the corresponding diol 
provide the parent pentacene under mild reaction conditions with a purity comparable 
to that of a sample purified by sublimation (Scheme 21).143 Quinone 36 can also be 
reduced to pentacene in one step using a stronger reducing agent, albeit in lower 
yields.144 This strategy has been used as the last step in the preparation of pentacene 
derivatives bearing substituents at the pro-cata positions.145 
 
Scheme 21. Synthesis of pentacene by reduction of 36. 
Acenequinones are suitable substrates for the ruthenium-catalyzed carbonyl-
directed C-H and C-O functionalization, and therefore 5,7,12,14-tetraalkylpentacenes 
45 were prepared through a tandem C-H alkylation/quinone reduction from 36 
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(Scheme 22).146 Moreover, quinone 46 was converted into pentacenes of type 47 
bearing two alkyl and two aryl groups through a chemoselective C-H alkylation/C-O 
arylation sequence followed by reduction of the quinone. 
 
Scheme 22. Synthesis of pentacenes through Ru-catalyzed C-H alkylation/quinone 
reduction. 
1.2.2.2. Hexacene derivatives 
The silylethynylation strategy developed for the synthesis of pentacene 
derivatives89a,139 was also applied for the preparation of stable derivatives of higher 
acenes. In the case of hexacene the triisopropylsilylethynyl substituents were not 
sufficient to obtain a stable derivative, and therefore alkynes bearing a bulkier tri-tert-
butylsilyl group were used instead to obtain crystalline bis(silylethynyl)hexacene 48a 
(Figure 20).90 Subsequent studies demonstrated that other trialkylsilyl groups at the 
alkyne terminus also provide relatively stable hexacene derivatives 48b-d for which 
the main decomposition pathway is dimerization rather than photooxidation.77 Partial 
fluorination of the acene backbone gave rise to further stabilized hexacenes 49 
suitable for device studies.147 A series of dioxolane-functionalized hexacenes 50 with 
long-wavelength fluorescence was also prepared from the corresponding 
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acenequinones. 148  In contrast, the analogous heptacene derivatives were not 
suficiently stable to be isolated. 
 
Figure 20. Functionalized hexacenes from hexacenequinones. 
1.2.2.3. Heptacene derivatives 
The first crystalline heptacene was prepared from 7,16-heptacenequinone 
following a two-step sequence similar to the one developed for 37, although in this 
case a larger tris(trimethylsilyly)silyl group was required on the alkyne in order to 
prevent decomposition of the heptacene derivative.90 Later studies revealed that the 
inclusion of aryl substituents attached to the heptacene core further prevented 
dimerization processes, and therefore allowed the use of smaller triisopropylsilyl 
groups at the alkyne terminus.91,92 o-Alkylsubstituted phenyl groups are superior 
stabilizing groups towards dimerization due to the fact that they lie directly over and 
under the π-system of the acenes, whereas thioalkyl and thioaryl substituents show a 
good performance in enhancing photooxidative resistance as observed first for 
pentacene derivatives.80a Thus, a combination of these two strategies was applied in 
the synthesis of the new heptacene derivative 52 that is stable for weeks as a solid, for 
days in solution with exclusion of light, and for hours in solution upon exposure to 																																																								
148  Bruzek, M. J.; Anthony, J. E. Org. Lett. 2014, 16, 3608–3610. 
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light and air (Scheme 23).149 
 
Scheme 23. Synthesis of heptacene 52. 
1.2.2.4. Nonacene derivatives 
The synthesis of the first nonacene derivative also relied on the use of both aryl 
and thioaryl groups as the stabilizing agents. Hence, the so called ‘persistent 
nonacene’ 56 was obtained via the nucleophilic addition of the corresponding 
aryllithium reagent to bisquinone 55, which was assembled through a double Diels-
Alder reaction between 53 and the in situ generated bisdiene that results from 54 
(Scheme 24).150 Nonacene derivative 56 was characterized by a set of solution-phase 
techniques including 1H and 13C NMR, UV-vis-NIR, and fluorescence spectroscopies. 
However, the spectroscopic data provided for this compound appeared later to be 
more consistent with an endoperoxide decomposition product rather than with a 
functionalized nonacene itself.151 
																																																								
149  Kaur, I.; Stein, N. N.; Kopreski, R. P.; Miller, G. P. J. Am. Chem. Soc. 2009, 131, 
3424–3425. 
150  Kaur, I.; Jazdzyk, M.; Stein, N.; Prusecich, P.; Miller, G. P. J. Am. Chem. Soc. 2010, 
132, 1261–1263. 
151  Purushothaman, B.; Bruzek, M.; Parkin, S. R.; Miller, A.-F.; Anthony, J. E. Angew. 
Chem. Int. Ed. 2011, 50, 7013–7017. 
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Scheme 24. Synthesis of nonacene derivative 56. 
With the aim of unambiguously assign the optoelectronic properties of 
nonacene, stable and fully characterizable derivatives 58 were synthesized from 
bisquinone 57 using a combination of electronwithdrawing substituents and bulky 
trialkylsilylethynyl groups as the stabilizing agents (Scheme 25).151 Exposing 
solutions of 58 to light and air led to complete decomposition within hours to form the 
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corresponding endoperoxides, which showed spectroscopic profiles similar to those 
reported for 56.150  
 
Scheme 25. Synthesis of nonacene derivatives 58. 
In a more recent example, a quinoidal dithia-acene isoelectronic with nonacene 
has been prepared by means of an unusual 1,2-sulfur migration.152 This thia-acene 
analogue shows, in contrast to its acene counterpart, excellent solubility and stability 
due to the existence of more aromatic sextet rings, a dipolar character, and kinetic 
blocking.  
1.2.3. Acenes from hydroacenes 
Partially saturated acenes, which exhibit remarkably improved solubility and 
stability compared to the corresponding parent acenes and acenequinones, have been 
described as ‘hydrogen-protected’ acenes that can reveal the conjugated acene upon 
																																																								
152  Shi, X.; Kueh, W.; Zheng, B.; Huang, K.-J.; Chi, C. Angew. Chem. Int. Ed. 2015, 54, 
14412–14416. 
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oxidation.153 
1.2.3.1. Methods for the synthesis of hydroacenes 
The formation of six-membered rings through [4+2] cycloaddition reactions 
typically provides partially saturated systems that can be subsequently 
dehydrogenated to the aromatic counterparts.31b,41b, 154  Alternatively, partially 
hydrogenated acene derivatives can be accessed through the reduction of 
acenequinones.59a  
The first systematic synthesis of hydroacene derivatives was developed through 
the direct reduction of either acenes or acenequinones with HI in refluxing acetic 
acid.153 Acenes and acene quinones with up to four rings are regioselectively 
hydrogenated at the most reactive centermost ring.69b,70,71 Nevertheless, the reduction 
of pentacene and pentacene quinones afforded regioisomeric mixtures of partially 
reduced products. Moreover, despite the fact that this reduction method could be 
extended to phenyl-substituted acene quinones with more than five rings, it failed for 
unsubstituted heptacene-7,16-quinone and nonacene-7,9,18,20-tetraone leading to 
complex mixtures of products. In a different approach, small acenes up to tetracene 
were converted into the corresponding dihydroacenes by heating at pressures of over 
100 atm of H2 in the presence of the frustrated Lewis pair (FLP) catalyst derived from 
the combination of B(C6F5)3 and Ph2PC6F5.155 However this method is not practical to 
prepare larger hydroacenes since it requires the conjugated system as the starting 
material. 
Zirconacyclopentadienes 59, which result from the reaction of diynes with 
Negishi reagent (Cp2ZrBu2), 156  are versatile building blocks for the assembly of 
linearly fused six-membered rings. Thus, the cycloaddition of 59 with electron-
deficient alkynes or alkenes has been applied to the synthesis of functionalized 
dihydroacenes of type 60, which can be converted into either the corresponding 																																																								
153  Athans, A. J.; Briggs, J. B.; Jia, W.; Miller, G. P. J. Mater. Chem. 2007, 17, 2636–
2641. 
154  Harvey, R. G. Curr. Org. Chem. 2004, 8, 303–323.  
155  Segawa, Y.; Stephan, D. W. Chem. Commun. 2012, 48, 11963–11965. 
156  Negishi, E.-i.; Cederbaum, F. E.; Takahashi, T. Tetrahedron Lett. 1986, 27, 2829- 
2832. 
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acenes 61 by dehydrogenation or larger hydroacene derivatives through an iterative 
sequence (Scheme 26).157 Moreover, the iodination/lithiation of 59 gives rise to 1,4-
dilithiobutadienes 63, which can be coupled with diiodoarenes in the presence of 
CuCl to afford dihydroacenes of type 64.158 
 
Scheme 26. Synthesis of hydroacenes via zirconacyclopentadienes. 
1.2.3.2. Dehydrogenation of hydroacenes 
The aromatization of hydroacenes has been extensively exploited over the last 
decades to prepare the corresponding acene derivatives. The first synthesis of 
pentacene was indeed accomplished by Clar in 1929-1930 through the oxidation of 
6,13-dihydropentacene. 159  Similarly, pentacene was later obtained from 5,14-																																																								
157  a) Takahashi, T.; Kitamura, M.; Shen, B.; Nakajima, K. J. Am. Chem. Soc. 2000, 122, 
12876–12877. b) Takahashi, T.; Li, S.; Huang, W.; Kong, F.; Nakajima, K.; Shen, B.; 
Ohe, T.; Kanno, K.-i. J. Org. Chem. 2006, 71, 7967–7977. c) Takahashi, T.; Li, Y.; Hu, 
J.; Kong, F.; Nakajima, K.; Zhou, L.; Kanno, K.-i. Tetrahedron Lett. 2007, 6726–6730. 
d) Li, S.; Zhou, L.; Song, Z.; Bao, F.; Kanno, K.-i.; Takahashi, T. Heterocycles 2007, 
73, 519–536. e) Li, S.; Li, Z.; Nakajima, K.; Kanno, K.-i.; Takahashi, T. Chem. Asian J. 
2009, 4, 294–301. f) Stone, M. T.; Anderson, H. L. J. Org. Chem. 2007, 72, 9776–
9778. 
158  a) Zhou, L.; Nakajima, K.; Kanno, K.-i.; Takahashi, T. Tetrahedron Lett. 2009, 50, 
2722–2726. b) Jia, Z.; Li, S.; Nakajima, K.; Kanno, K.-i.; Takahashi, T. J. Org. Chem. 
2011, 76, 293–296. 
159  a) Clar, E.; John, F. Ber. Dtsch. Chem. Ges. 1929, 62, 3021–3029. b) Clar, E.; John, F. 
Ber. Dtsch. Chem. Ges. 1930, 63, 2967–2977. 
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dihydropentacene by dehydrogenation over Pd/C in quantitative yield.160 Since then, 
the dehydrogenation of hydropentacenes has become a common strategy for the 
synthesis of functionalized pentacene derivatives.161  In a recent example, the Pd-
catalyzed cyclopentannulation of 65 with internal alkynes led to compounds 66, 
which were converted into stabilized cyclopentannulated pentacenes 67 by a 
dehydrogenation reaction using DDQ (Scheme 27).97  
 
Scheme 27. Synthesis of cyclopentannulated pentacenes 67. 
For the oxidation of some substituted dihydropentacenes with DDQ higher 
yields are obtained following a slightly different strategy, which consists of the 
conversion of the hydroacene into the Diels-Alder adduct with DDQ using an excess 
of this oxidant, followed by retro-Diels-Alder to afford the corresponding 
																																																								
160  Luo, J.; Hart, H. J. Org. Chem. 1987, 52, 4833–4836. 
161  For selected examples, see: a) Kobayashi, K.; Shimaoka, R.; Kawahata, M.; Yamanaka, 
M.; Yamaguchi, K. Org. Lett. 2006, 8, 2385–2388. b) Tajima, T.; Yamakawa, A.; 
Fukuda, K.; Hayashi, Y.; Nakano, M.; Takaguchi, Y. Chem. Lett. 2012, 41, 1622–1624. 
c) Li, S.; Jia, Z.; Nakajima, K.; Kanno, K.-i.; Takahashi, T. J. Org. Chem. 2011, 76, 
9983–9987. 
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pentacene.157e,158b, 162  An alternative aromatization strategy was employed for the 
synthesis of 6,13-dibromopentacene [2,3:9,10]-bis(dicarboximide) (70), a suitable 
building block for the synthesis of stable pentacene derivatives (Scheme 28).163 Thus, 
while the dehydrogenation of 68 with DDQ or Pd/C resulted in the recovery of 
unreacted starting material, the fourfold benzylic bromination followed by treatment 
with triethylamine provided 70 in 36% yield over the two steps. 
 
Scheme 28. Alternative dehydrogenation of hydropentacene 68. 
The dehydrogenation of hydroacenes has also been applied in the synthesis of 
the highest members of the acene family. The first reports on the synthesis of 
hexacene were based on Diels-Alder approaches to access polyhydrogenated 
hexacenes such as 73, which was aromatized in the last step to afford the 
corresponding acene (Scheme 29).130b,164 Some years later, the synthesis of hexacene 																																																								
162  a) Takahashi, T.; Kahima, K.; Li, Shi, Nakajima, K.; Kanno, K. J. Am. Chem. Soc. 
2007, 129, 15752–15753. b) Li, S.; Qu, H.; Zhou, L.; Kanno, K.; Guo, Q.; Shen, B.; 
Takahashi, T. Org. Lett. 2009, 11, 3318–3321.  
163  Qu, H.; Cui, W.; Li, J.; Shao, J.; Chi, C. Org. Lett. 2011, 13, 924–927. 
164  a) Marschalk, C. Bull. Soc. Chim. Fr. 1939, 6, 1112–1121. b) Clar, E. Ber. Dtsch. 
Chem. Ges. B 1939, 72, 1817–1821.  
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was described by dehydrogenation of dihydrohexacene at high temperature over 
CuO.165 Sublimation of the crude mixtures obtained through these methods afforded a 
dark green solid, whose structure was assigned to hexacene based on spectral 
analyses. Nevertheless, later reports on the instable nature of hexacene86,125a casted 
some doubt on the homogeneous identity of these materials. 
 
Scheme 29. Early synthesis of hexacene. 
Hexahydrotetraphenylheptacene 74 was dehydrogenated with DDQ and trapped 
with C60 fullerene by means of [4+2] cycloadditions to form stable cis-trisadduct 75 
(Scheme 30).166 In addition, the late stage aromatization of hydroacene derivatives has 
been exploited in the synthesis of the photoprecursors of octacene and nonacene.137  
 
																																																								
165  Satchell, M. P.; Stacey, B. E. J. Chem. Soc. C 1971, 468–469. 
166  Miller, G. P.; Briggs, J. Org. Lett. 2003, 5, 4203–4206. 
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Scheme 30. Synthesis of 75. 
1.3. Gold Catalysis for the Synthesis of Arenes 
1.3.1. Gold-catalyzed activation of alkynes: general aspects 
Gold complexes are nowadays the most effective catalysts for the electrophilic 
activation of alkynes under homogeneous conditions, and a broad range of versatile 
synthetic tools have been developed for the construction of carbon-carbon and 
carbon-heteroatom bonds.167 Gold complexes selectively activate π-bonds in complex 
molecular settings, which has been attributed to relativistic effects.168  Relativistic 
effects correspond to the acceleration of the electrons as they orbit closer to a heavy 
nucleus, which leads to an increase of the mass of the electrons and therefore a 
contraction of s and p orbitals. As a consequence, the electrons occupying the d and f 
orbitals experience a weaker nuclear attraction. This contraction/expansion 																																																								
167  Dorel, R.; Echavarren, A. M. Chem. Rev. 2015, 115, 9028–9072. 
168  a) Pyykkö, P. Angew. Chem. Int. Ed. 2002, 41, 3573–3578. b) Pyykkö, P. Angew. 
Chem. Int. Ed. 2004, 43, 4412–4456. c) Schwartz, H. Angew. Chem. Int. Ed. 2003, 42, 
4442–4454. 
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phenomenon becomes significant for metals that have their 4f and 5d orbitals filled, 
and in the particular case of gold the contraction of the 6s orbital reaches a 
maximum,169 which leads to an expansion of the 5d orbital, decreasing the electron-
electron repulsion. 
While gold(III) catalysis is still essentially limited to the use of inorganic 
salts, 170  the number of gold(I) complexes that are active in the homogeneous 
activation of unsaturated substrates has grown exponentially over the last decade. The 
properties of gold(I) complexes can be easily tuned sterically or electronically 
depending on the ligand, consequently modulating their reactivity. 171  Thus, 
complexes bearing more donating N-heterocyclic carbenes (NHC) are less 
electrophilic than those with phosphine ligands, and complexes with less donating 
phosphite ligands and related species are the most electrophilic catalysts (Figure 21). 
Gold(I) complexes form linear two-coordinated complexes whereas gold(III) 
complexes or salts show a square-planar geometry. 
 
Figure 21. Increase in electrophilicity with decreased donating ligand ability in 
gold(I) complexes. 
The activation of alkynes by gold complexes forms (η2-alkyne)gold species 
prone to undergo the addition of nucleophiles. In general, the nucleophilic attack 
takes place following a Markovnikov regiochemistry to form trans-alkenyl-gold 
complexes as a result of an anti addition (Scheme 31). A wide range of carbo- and 
heteronucleophiles including O-nucleophiles, 172  N-nucleophiles, 173  arenes, 174  and 																																																								
169  Gorin, D. J.; Toste, F. D. Nature 2007, 446, 395–403. 
170  Schmidbaur, H.; Chier, A. Arab. J. Sci. Eng. 2012, 37, 1187–1225. 
171  Wang, W.; Hammond, G. B.; Xu, B. J. Am. Chem. Soc. 2012, 134, 5697–5705. 
172  a) Mizushima, E.; Sato, K.; Hayashi, T.; Tanaka, M. Angew. Chem. Int. Ed. 2002, 41, 
4563–4565. b) Krauter, C. M.; Hashmi, A. S. K.; Pernpointner, M. ChemCatChem 
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heteroarenes, 175  have been used as the nucleophilic partners in both intra- and 
intermolecular gold(I)-catalyzed transformations.  
 
Scheme 31. anti-Nucleophilic attack to η2-[AuL]+-activate alkynes. 
Cycloisomerizations of 1,n-enynes are probably one of the most illustrative 
carbon-carbon bond forming reactions catalyzed by gold complexes and provide 
access to complex molecular architectures from readily assembled starting materials 
through mechanistically complex, fully intramolecular processes.167,176 In the case of 
1,6-enynes, the (η2-alkyne)gold complex reacts as an electrophile with the alkene 
moiety either by 5-exo-dig or 6-endo-dig pathways to form the corresponding 
cyclopropyl gold carbenes (Scheme 32), 177  which, in the absence of internal or 
external nucleophiles, evolve by different skeletal rearrangements depending on the 
gold(I) complex, the reaction conditions, and the substitution pattern of the 
																																																																																																																																																														
2010, 2, 1226–1230. c) Marion, N.; Ramón, R. S.; Nolan, S. P. J. Am. Chem. Soc. 
2009, 131, 448–449. 
173  a) Istrate, F. M.; Gagosz, F. Org. Lett. 2007, 9, 3181–3184. b) Quian, J.; Liu, Y.; Cui, 
J.; Xu, Z. J. Org. Chem. 2012, 77, 4484–4490. 
174  a) Reetz, M. T.; Sommer, K. Eur. J. Org. Chem. 2003, 3485–3496. b) Nevado, C.; 
Echavarren, A. M. Synthesis 2005, 167–182.  
175  a) Hashmi, A. S. K.; Haufe, P.; Schmid, C.; Rivas Nass, A.; Frey, W. Chem. Eur. J. 
2006, 12, 5376–5382. b) Ferrer, C.; Echavarren, A. M. Angew. Chem. Int. Ed. 2006, 
45, 1105–1109. 
176  a) Jiménez-Núñez, E.; Echavarren, A. M. Chem. Rev. 2008, 108, 3326–3350. b) 
Fürstner, A. Chem. Soc. Rev. 2009, 38, 3208–3221. c) Obradors, C.; Echavarren, A. M. 
Acc. Chem. Res. 2014, 47, 902–912. d) Fensterbank, L.; Malacria, M. Acc. Chem. Res. 
2014, 47, 953–965. e) Obradors, C.; Echavarren, A. M. Chem. Commun. 2014, 50, 16–
28. f) Dorel, R.; Echavarren, A. M. J. Org. Chem. 2015, 80, 7321–7332. 
177  a) Nieto-Oberhuber, C.; Muñoz, M. P.; Buñuel, E.; Nevado, C.; Cárdenas, D. J.; 
Echavarren, A. M. Angew. Chem. Int. Ed. 2004, 43, 2402–2406. b) Nieto-Oberhuber, 
C.; López, S.; Muñoz, M. P.; Cárdenas, D. J.; Buñuel, E.; Nevado, C.; Echavarren, A. 
M. Angew. Chem. Int. Ed. 2005, 44, 6146–6148. c) Escribano-Cuesta, A.; Pérez-Galán, 
P.; Herrero-Gómez, E.; Sekine, M.; Braga, A. A. C.; Maseras, F.; Echavarren, A. M. 
Org. Biomol. Chem. 2012, 10, 6105–6111. d) Ferrer, C.; Raducan, M.; Nevado, C.; 
Claverie, C. K.; Echavarren, A. M. Tetrahedron 2007, 63, 6306–6316. e) Soriano, E.; 
Marco-Contelles, J. Acc. Chem. Res. 2009, 42, 1026–1036. 
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enyne.177, 178  However, in the presence of a nucleophile, the cyclopropyl gold(I) 
carbene intermediates are opened by attack to the cyclopropane ring. Similar 
pathways are followed by 1,5-,179 1,7-,177b,180 and higher enynes181 in the presence of 
gold(I) complexes. 
 
 
																																																								
178  a) Nieto-Oberhuber, C.; Muñoz, M. P.; López, S.; Jiménez-Núñez, E.; Nevado, C.; 
Herrero-Gómez, E.; Raducan, M.; Echavarren, A. M. Chem. Eur. J. 2006, 12, 1677–
1693; Corrigendum: Chem. Eur. J. 2008, 14, 5096. b) Nieto-Oberhuber, C.; López, S.; 
Muñoz, M. P.; Jiménez-Núñez, E.; Buñuel, E.; Cárdenas, D. J.; Echavarren, A. M. 
Chem. Eur. J. 2006, 12, 1694–1702. c) Nieto-Oberhuber, C.; Pérez-Galán, P.; Herrero-
Gómez, E.; Lauterbach, T.; Rodríguez, C.; López, S.; Bour, C.; Rosellón, A.; Cárdenas, 
D. J.; Echavarren, A. M. J. Am. Chem. Soc. 2008, 130, 269–279. d) Nieto-Oberhuber, 
C.; López, S.; Jiménez-Núñez, E.; Echavarren, A. M. Chem. Eur. J. 2006, 12, 5916–
5923. e) Lee, S. I.; Kim, S. M.; Choi, M. R.; Kim, S. Y.; Chung, Y. K. J. Org. Chem. 
2006, 71, 9366–9372.  
179  a) Zhang, L.; Kozmin, S. A. J. Am. Chem. Soc. 2004, 126, 11806–11807. b) Sun, J.; 
Conley, M. P.; Zhang, L.; Kozmin, S. A. J. Am. Chem. Soc. 2006, 128, 9705–9710. c) 
López-Carrillo, V.; Huguet, N.; Mosquera, Á.; Echavarren, A. M. Chem. Eur. J. 2011, 
17, 10972–10978. 
180  Cabello, N.; Rodríguez, C.; Echavarren, A. M. Synlett 2007, 1753–1758. 
181  a) Böhringer, S.; Gagosz, F. Adv. Synth. Catal. 2008, 350, 2617–2630. b) Odabachian, 
Y.; Gagosz, F. Adv. Synth. Catal. 2009, 351, 379–386. c) Iwai, T.; Okochi, H.; Ito, H.; 
Sawamura, M. Angew. Chem. Int. Ed. 2013, 52, 4239–4242. d) Comer, E.; Rohan, E.; 
Deng, L.; Porco, J. A., Jr. Org. Lett. 2007, 9, 2123–2126. 
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Scheme 32. General pathways for the Au(I)-catalyzed cycloisomerization of 1,6-
enynes. 
1.3.2. Synthesis of benzene derivatives 
The first example of gold-catalyzed synthesis of arenes was described in 2000 
for the formation of phenols 83 from furan-ynes 76 (Scheme 33). 182  This 
transformation is mechanistically related to the cycloisomerization of 1,6-enynes. The 
furan moieties act as electron-rich alkenes and attack the activated alkynes to afford 
cyclopropyl gold carbene intermediates 78 that then undergo a ring-opening to 
provide conjugated carbenes 79, which subsequently collapse to oxepins 81. These 
oxepin intermediates, which are in equilibrium with the corresponding arene oxides 
82, have been trapped experimentally thus proving their intermediacy.183 Finally, the 
regioselective ring-opening of 82 gives rise to the phenol products.184 It was later 
demonstrated that not only gold(III) can catalyzed this transformation, but also gold(I) 																																																								
182  Hashmi, A. S. K.; Frost, T. M.; Bats, J. W. J. Am. Chem. Soc. 2000, 122, 11553–11554. 
183  a) Hashmi, A. S. K.; Rudolph, M.; Weyrauch, J. P.; Wölfle, Frey, W.; Bats, J. W. 
Angew. Chem. Int. Ed. 2005, 44, 2798–2801. b) Hashmi, A. S. K.; Kurpejović, E.; 
Wölfle, M.; Frey, W.; Bats, J. W. Adv. Synth. Catal. 2007, 349, 1743–1750. 
184  Hashmi, A. S. K.; Rudolph, M.; Sielhl, H.-U.; Tanaka, M.; Bats, J. W.; Frey, W. Chem. 
Eur. J. 2008, 14, 3703–3708. 
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complexes185 as well as all d8 systems,186 although the later with lower efficiencies. 
The synthesis of phenols by cyclization of furan-ynes proved to be general,187 and has 
been coupled with other transformations in tandem sequences to access higher 
degrees of complexity. 188  Furthermore, the intermolecular version of this 
transformation was also developed, providing selectively polysubstituted phenols in 
the presence of Au(I)-NHC complexes.189 
 
Scheme 33. Mechanism of the gold-catalyzed synthesis of phenols. 
In a mechanistically related transformation, arylated (Z)-enones or -enals 84 
were accessed from enynols 83 and furans in the presence of gold(I) (Scheme 34).190 																																																								
185  a) Hashmi, A. S. K.; Blanco, M. C.; Kurpejović, E.; Frey, W.; Bats, J. W. Adv. Synth. 
Catal. 2006, 348, 709–713. b) Chen, Y.; Yan, W.; Akhmedov, N. G.; Shi, X. Org. Lett. 
2010, 12, 344–347. c) Blanco Jaimes, M. C.; Rominger, F.; Pereira, M. M.; Carrilho, R. 
M. B.; Carabineiro, S. A. C.; Hashmi, A. S. K. Chem. Commun. 2014, 50, 4937–4940.  
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Thus, the transformation is initiated by the formation of an alkene-tethered furan-yne 
85 via Frieldel-Crafts reaction, which in the presence of gold(I) cyclizes to the 
corresponding cyclopropyl gold(I) carbene intermediate 86 that is subsequently 
opened to give the arylated α,β-unsaturated products 84 upon aromatization.  
 
Scheme 34. Gold(I)-catalyzed synthesis of (Z)-enones and -enals 84. 
In a different approach, o-phenolic esters 89 were prepared through the gold(I)-
catalyzed cyclization of 5-hydroxy-3-oxoalk-6-ynoate esters 88 (Scheme 35). 191 
Moreover, benzyl-protected phenols could also be accessed from allenyl alkenyl 
carbinol acetates, which are readily assembled from enals or enones and benzyl 
allenyl ether, in the presence of AuCl.192 
 
Scheme 35. Gold(I)-catalyzed synthesis of o-phenolic esters 89. 
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The intermolecular reaction of 1,3-enynes and propargyl esters catalyzed by 
AuCl afforded diastereoselectively cyclopropyl-tethered 1,5-enynes of type 90 as the 
cis isomers, which could be selectively converted into styrenes (91) or fluorenes (92) 
in the presence of gold(I) via 5-endo-dig cyclization depending on the silver salt used 
as the chloride scavenger (Scheme 36). 193  In contrast, the gold(I)-catalyzed 
cyclization of 3-alkoxy-1,5-enynes bridged by a cyclopropyl ring in the presence of 
external nucleophiles provides 1,2,3,4-tetrasubstituted benzenes via 6-endo-dig 
cyclization,194 and the cyclization of 3-silyloxy-1,5-enynes gives rise to substituted 
benzofurans.195 
 
Scheme 36. Gold(I)-catalyzed divergent synthesis of styrenes and fluorenes from 
cyclopropyl-tethered 1,5-enynes 90. 
Highly substituted benzene derivatives 94 can also be prepared regioselectively 
through the gold(I)-catalyzed cyclization of 1,3-dien-5-ynes 93 via 5-endo-dig 
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cyclization followed by the selective migration of R5 in 96 in a Wagner-Meerwein 
rearrangement (Scheme 37).196  
 
Scheme 37. Gold(I)-catalyzed cyclization of 1,3-dien-5-ynes 93. 
1.3.3. Synthesis of naphthalene derivatives 
The gold(I)-catalyzed cyclization of benzene-tethered furan-ynes 97 bearing a 
silyloxy or allyloxy group at the benzylic position gives rise to protected 1-naphthol 
derivatives 98 functionalized at position 2 with a (Z)-enone or -enal fragment via 6-
endo-dig cyclization (Scheme 38).197 Complementarily, benzene-tethered furan-ynes 
99 bearing a propargylic alcohol moiety afforded 1-naphthols 100 bearing an (E)-
enone or enal at position 4 through an endo cyclization followed by a 1,2-shift of 
R2.198  
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Scheme 38. Gold(I)-catalyzed cyclization of furan-ynes to functionalized naphthols. 
Furan-enes generated in situ by the gold-catalyzed cycloisomerization of 
hydroxyenynes undergo an intramolecular Diels-Alder reaction to afford 
oxanorbornenes that in the presence of gold(III) and a silver salt can be further 
converted into naphthalene derivatives. 199  In a related transformation enynones 
provide naphthyl ketones with high regioselectivity in the presence of gold(I).200 
Gold(III) salts also promote the intermolecular formal [4+2] cycloaddition of o-
alkynylbenzaldehydes with alkynes201 or enol derivatives202 to form naphthyl ketones. 
The intramolecular version has also been developed to afford the corresponding 
polycyclic ketones.203 
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A number of approaches has been developed in recent years for the synthesis of 
substituted naphthalene derivatives by the gold(I)-catalyzed cyclization of 1,n-
enynes.204 1,6-Enynes 101 bearing an aryl substituent at the alkyne terminus react 
stereospecifically with gold(I) via initial exo-cyclization followed by opening of the 
cyclopropyl gold(I) carbene by a Friedel-Crafts-type reaction in a formal [4+2] 
cycloaddition to afford tricyclic dihydronaphthalene derivatives 102 (Scheme 
39).178c,205 In the case of 1,6-enyne 103, in which the alkene moiety is part of an enol 
ether functionality, this transformation leads to the formation of naphthalene 
derivative 104 after aromatization by elimination of a molecule of methanol. 
 
Scheme 39. Gold(I)-catalyzed formal [4+2] cycloaddition of 1,6-enynes. 
1.3.4. Synthesis of anthracene and phenanthrene derivatives 
The AuCl-catalyzed benzannulation of o-alkynylphenyl ketones 105 with 
benzenediazonium 2-carboxylate as a precursor of benzyne proceeds via [4+2] 
cycloaddition to afford anthracene derivatives 106 bearing a ketone at the 9-position 
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(Scheme 40). 206  In a different approach, the gold(I)-catalyzed intramolecular 
hydroarylation of o-alkynyldiarylmethanes provided functionalized anthracene 
derivatives.207 
 
Scheme 40. Gold(I)-catalyzed synthesis of anthracenes 106. 
The gold-catalyzed intramolecular hydroarylation of alkynes has also been 
applied in the synthesis of other PAHs. Thus, the cyclization of o-alkynyl biphenyl 
derivatives 107 catalyzed by gold(I)-complexes, as happens in the case of gold(III) 
and other metal catalysts,38 proceeds preferentially through the endo-pathway leading 
to the formation of phenanthrenes 108. The use of a new strongly π-acidic phosphine-
bound gold(I) catalyst has allowed to broaden the scope of this transformation, 
leading to excellent yields within short reaction times, even for 4,5-disubstituted 
phenanthrenes (Scheme 41).208 The cyclization of o-propargylbiaryls 109 has also 
been described to afford substituted phenanthrenes 110 via 6-exo-dig intramolecular 
hydroarylation.209 
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Scheme 41. Au(I)-catalyzed synthesis of phenanthrenes.  
Furthermore, a tandem Friedel-Crafts/furan-yne cyclization/heteroenyne 
metathesis sequence similar to the one described for the synthesis of naphthol 
derivatives197 was developed for the preparation of highly functionalized 
phenanthrenyl ketones.210 
Similarly to 1,6-enynes, 1,7-enynes bearing an aryl substituent at the alkyne 
terminus cyclize in the presence of gold(I) to give rise to polyhydrogenated 
anthracene derivatives as a result of a formal [4+2] cycloaddition.205 Moreover, the 
gold(I)-catalyzed cyclization of 1,7-enynes bearing an aryl group at the alkene and a 
methyl group at the alkyne also affords polyhydrogenated anthracene derivatives 
through a mechanistically related transformation involving an exo-cyclization 
followed by Friedel-Crafts-type attack to the gold(I) carbene intermediate. 211 
However, this transformation takes place under harsh reaction conditions and is 
limited to substrates with very electronrich aromatic rings at the alkene and a methyl 
group attached to the alkyne, while otherwise allenes are formed instead. 
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1.3.5. Synthesis of larger aromatic frameworks 
The cyclization of o-haloalkynebiaryls catalyzed by AuCl gives rise to 
phenanthrenes in which the halide has suffered a 1,2-shift.38c This transformation has 
been applied to the synthesis of diiodobenzo[k]tetraphene 112 (Scheme 42).212 It has 
been proposed that the most favored reaction pathway features an initial 6-endo-dig 
hydroarylation of the alkyne in 111 followed by a 1,2-H shift and formation of a gold-
carbene intermediate, which then undergoes a 1,2-halogen shift to finally give rise to 
the rearranged product after deauration.213 
 
Scheme 42. Au(I)-catalyzed synthesis of diiodobenzo[k]tetraphene 112. 
The cyclotrimerization of arynes31 has also been described in the presence of 
gold(I) to form symmetric triphenylene derivatives 114 (Scheme 43).214 
 
Scheme 43. Gold(I)-catalyzed cyclotrimerization of arynes. 
The gold(I)-catalyzed hydroarylation of alkyne-tethered fluorenes was applied 
to the synthesis of fluoranthenes and more complex polyarenes such as triarylated 
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decacyclenes 116 in the presence of a highly electrophilic phosphite gold(I) complex 
(Scheme 44).215  
 
Scheme 44. Gold(I)-catalyzed synthesis of triarylated decacyclenes 116. 
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2. OBJECTIVES 
We aimed to develop a versatile method for the synthesis of linearly fused 
partially saturated aromatic systems based on a gold(I)-catalyzed formal [4+2] 
cycloaddition as the key step from suitable aryl-tethered 1,7-enynes (Scheme 45). The 
products of the gold-catalyzed reactions would be dihydroacenes, which are known to 
be stable precursors of the parent acenes.  
 
Scheme 45. Proposed gold(I)-catalyzed synthesis of dihydroacenes. 
To this purpose, we first focused on the development of an efficient and 
straightforward synthesis of the required 1,7-enynes, which were previously 
unknown. We targeted 1,7-enynes in which the alkene is part of an enol ether moiety 
in order to have a functionality that activates the alkene for the gold-catalyzed 
cyclization and that can be then eliminated in a late stage aromatization process to 
form the acene derivatives. 
We envisioned that these gold(I)-catalyzed cyclizations could not only be 
applied to the synthesis of linear acene derivatives, but also to the synthesis of larger 
PAH derivatives and expanded polyhydroacenes by means of multiple gold-catalyzed 
cyclizations. Furthermore, the on-surface aromatization of polyhydroacenes as direct 
precursors of higher acenes will also be explored in this section. 
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3. RESULTS AND DISCUSSION 
Previously, it had been observed in our group that having the alkene moiety as 
part of an enol ether functionality was essential in order to favor the formal [4+2] 
cycloaddition178c,205 of the 1,7-enynes over the [2+2] cycloaddition216 between the 
alkyne and the alkene. Thus, whereas the cyclization of 1,7-enyne 117 in the presence 
of commercially available cationic [JohnPhosAu(MeCN)]SbF6 complex gave rise to 
cyclobutene 118, the simplest 1,7-enyne 119a bearing a methoxy group directly 
bonded to the alkene was converted into 5,12-dihydrotetracene (120a) in the presence 
of the same gold(I) complex (Scheme 46).217 However, the initial synthesis of 119a, 
which relied on the coupling of the aryl tether with propargylic electrophiles, was low 
yielding and difficult to reproduce and, therefore, further studies on a consistent 
synthetic route for the preparation of the enyne precursors were needed in order to 
develop a general method for the synthesis of acene derivatives. 
 
Scheme 46. Gold(I)-catalyzed cyclization of 1,7-enynes 117 and 119a. 
3.1. Synthesis of 1,7-Enynes 
Several retrosynthetic disconnections can be imagined when considering the 
synthesis of the key 1,7-enynes 119 (Figure 22). Since synthetic routes involving 
disconnections (a), (b), and (d) as the last steps of the sequence had already been 
widely explored unsuccessfully,217 in this work we focused our efforts on the 
development of a route involving (c) or (e) as the late stage key disconnections.  																																																								
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221–228. c) de Orbe, M. E.; Echavarren, A. M. Org. Synth. 2016, 93, 115–126. 
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Figure 22. Retrosynthetic disconnections for the synthesis of 1,7-enynes 119. 
Initially we envisioned that we could introduce the enol ether moiety in one of 
the last steps of the synthetic sequence, thus overcoming the inherent problems related 
to this acid-labile functionality. Hence, we commenced the synthesis of the simplest 
1,7-enyne 119a from commercially available 121a, which was converted into 
aldehyde 123 by protection of the primary alcohol followed by formylation of the aryl 
bromide via the corresponding organolithium intermediate (Scheme 47). The 
nucleophilic addition of the lithium acetylide of phenylacetylene to 123 gave rise to 
secondary alcohol 124, which could be reduced to 125 in the presence of 
triethylsilane under acidic conditions. Attempts to deprotect the primary alcohol of 
125 with TBAF resulted in the isomerization of the alkyne to the corresponding 
allene, and therefore this reaction needed to be carried out under acidic conditions 
using HF·py. Subsequent oxidation of the primary alcohol followed by protection 
afforded acetal 127a, which upon treatment with DIPEA and TMSOTf218 furnished 
the required enol ether functionality by elimination of methanol from the acetal 
moiety, and therefore 1,7-enyne 119a in moderate to good yields.  
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Scheme 47. First generation synthesis of 119a. 
With the aim of obtaining a series of functionalized 1,7-enyne substrates for the 
gold(I)-catalyzed cyclization and therefore expand the scope of the methodology, 
several lithium acetylides were also evaluated in the synthetic sequence shown in 
Scheme 47. The nucleophilic addition to 123 as well as the subsequent steps leading 
to the formation of acetals of type 127 proceeded in high yields for ethynylbenzenes 
featuring diverse substitution patterns. However, under the reaction conditions 
developed for the formation of 119a,218 acetals 127b-i only gave rise to complex 
mixtures of products from which the corresponding enynes 119 could not be isolated 
(Scheme 48).  
 
Scheme 48. Failed synthesis of enynes 119 from acetals 127b-i. 
Unfortunately all the efforts trying to find the optimal reaction conditions for 
the elimination of methanol from acetals 127 did not result in any improvement and 
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essentially complex mixtures of products were obtained. Nonetheless, at temperatures 
below -60 ºC the formation of a bicyclic product in ca. 20-30% yield could be 
ascertained for some substrates (Scheme 49). The structure of these products could be 
unambiguously assured from the X-ray diffraction analysis of a single crystal of 128h 
(Figure 23). The formation of cyclic enones from 127 can be rationalized by the 
TMSOTf-promoted formation of highly electrophilic oxonium cations 129, which 
then undergo a Prins-type cyclization that finally gives rise to 128.219 
 
Scheme 49. Formation of 128 through cyclization of alkynyl acetals 127. 
 
Figure 23. ORTEP plot (thermal ellipsoids at 50% probability) of the crystal structure 
of 128h. 
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On the basis of these results, an alternative route in which the enol ether 
functionality was introduced early in the synthetic sequence was devised based on 
disconnection (c) as the key step (Scheme 50). Thus, the late stage Sonogashira cross-
coupling of terminal alkynes 130 already containing the enol ether moiety with aryl 
iodides should provide access to a series of 1,7-enynes from a common precursor. For 
the synthesis of 130 and bearing in mind the necessity of avoiding acidic conditions in 
order to prevent the decomposition of the labile enol ether moiety, we envisioned the 
addition of the organometallic species derived from aryl bromide 131 to commercially 
available methoxyallene.220 Finally 131 would be readily accessible from primary 
alcohols 121.  
 
Scheme 50. Retrosynthesis of 1,7-enynes 119 based on disconnection (c). 
The synthesis of 130a started from commercially available primary alcohol 
121a that was oxidized to the corresponding aldehyde, which was subsequently 
protected as the methyl acetal (Scheme 51). Treatment of this compound with DIPEA 
in the presence of TMSOTf218 resulted in the formation of 131a as a 3:1 mixture of 
Z:E isomers. Formation of the Grignard reagent, transmetallation with CuI, and 
subsequent addition to methoxyallene gave rise to the envisioned enyne precursor 
130a, which under standard Sonogashira cross coupling conditions with iodobenzene 
furnished 1,7-enyne 119a.  
																																																								
220  Meijer, J.; Vermeer, P. Rec. Trav. Chim. Pays Bas. 1974, 93, 183. 
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Scheme 51. Second generation synthesis of 119a. 
The use of other less reactive coupling partners for the Sonogashira cross-
coupling such as aryl triflates or bromides required higher temperatures and longer 
reaction times, which led to lower yields of the 1,7-enynes mainly due to partial 
decomposition of 130a as well as to the formation of its homocoupling product.221 
Alternatively, the Pd-catalyzed coupling of organogold complexes was also tested,222 
which in the simplest case resulted in the clean formation of the desired 1,7-enyne 
119a, albeit in lower yield than for the coupling of iodobenzene (Scheme 52). The 
coupling of terminal alkynes with aryl boronic acids was also examined under 
different reaction conditions for the reaction of 130a and phenyl boronic acid.223 
Nevertheless, these reactions only gave rise to either the homocoupling of 130a or 
complex mixtures from which 119a could not be detected. Therefore, aryl iodides 
were selected as the coupling partners to continue the study. 
 
																																																								
221  a) Siemsen, P.; Livingston, R. C.; Diederich, F. Angew. Chem. Int. Ed. 2000, 39, 2632–
2657. b) Lei, A.; Srivastava, M.; Zhang, X. J. Org. Chem. 2002, 67, 1969–1971. c) Li, 
J.-H.; Ling, Y.; Xie, Y.-X. J. Org. Chem. 2005, 70, 4393–4396.  
222  a) Fuchita, Y.; Utsunomiya, Y.; Yasutake, M. J. Chem. Soc. Dalton Trans. 2001, 2330–
2334. b) Pankajakshan, S.; Loh, T.-P. Chem. Asian J. 2011, 6, 2291–2295. 
223  a) Zou, G.; Zhu, J.; Tang, J. Tetrahedron Lett. 2003, 44, 8709–8711. b) Yang, F.; Wu, 
Y. Eur. J. Org. Chem. 2007, 3476–3479. c) Pan, C.; Luo, F.; Wang, W.; Ye, Z.; Cheng, 
J. Tetrahedron Lett. 2009, 50, 5044–5046. d) Rao, H.; Fu, H.; Jiang, Y.; Zhao, Y. Adv. 
Synth. Catal. 2010, 352, 458–462. e) Yasukawa, T.; Miyamura, H.; Kobayashi, S. Org. 
Biomol. Chem. 2011, 9, 6208–6210. 
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Scheme 52. Synthesis of 119a via Pd-catalyzed coupling of Ph3PAuPh. 
3.2. Synthesis of Hydroacenes 
1,7-enyne 119a was chosen as the model substrate to find the optimal reaction 
conditions for the gold-catalyzed cyclization that gives rise to dihydrotetracene 120a 
(Table 11). The cyclization of 119a was first examined at 25 ºC in the presence of 10 
mol% of cationic gold(I) complexes A-C, spanning a wide range of electrophilicity 
(Table 11, entries 1-3). Gratifyingly, all three gold(I) complexes provided the desired 
dihydroacene 120a as the major product. The most electrophilic catalyst C caused the 
concomitant formation of a rearranged byproduct in approximately 15% yield as 
determined by NMR spectroscopy, whereas the only identifiable byproduct in the 
reactions with complexes A and B was tetracycle 120a’, which is actually an 
intermediate in the formation of 120a (Scheme 53). Hence, the cyclization of 119a 
starts with the formation of 132 by the coordination of the gold(I) complex to the 
alkyne moiety of 119a, which results in its activation for the nucleophilic attack of the 
alkene to form cyclopropyl gold(I) carbene intermediate 133. This intermediate is 
then opened by the Friedel-Crafts-type attack of the aromatic ring to give 134, which 
after protodeauration regenerates the gold(I) complex and delivers 120a’. Ultimately, 
aromatization-driven elimination of a molecule of methanol from 120a’ gives rise to 
120a. 
OMe130a OMe119a
Pd(OAc)2, O2 (1 atm)
THF, rt
65%
Ph3PAuPh
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Scheme 53. Mechanistic scenario for the gold(I)-catalyzed cyclization of 119a into 
120a. 
Due to its good performance in the cyclization of 119a, commercially available 
JohnPhos-Au(I) catalyst A was selected for further optimization studies. Lowering the 
catalyst loading to 5 mol% (Table 11, entry 4) resulted in an increase of the amount of 
120a’ that remained, even when extended reaction times were employed (Table 11, 
entry 5). Complete consumption of 120a’ was achieved by heating at 40 ºC for 1 
hour, which drove the reaction to completion (Table 11, entry 6). At this temperature, 
the catalyst loading could be reduced down to 2.5 mol%, although lower loadings 
resulted in an increase of the amount of 120a’ that remained (Table 11, entry 8). 
Thus, under the optimal reaction conditions (Table 11, entry 7) 5,12-dihydrotetracene 
(120a) could be isolated in 95% yield. 
AuL+OMe
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OMe
- MeOH
AuL
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Table 11. Optimization of the gold(I)-catalyzed cyclization of 119a.a  
 
Entry [Au]cat (mol%) T (ºC) t (h) Yield 120a (%)b Yield 120a’ (%)b 
1 A (10) 25 1 95 5 
2 B (10) 25 1 95 5 
3 C (10) 25 1 85c 0 
4 A (5) 25 1 75 25 
5 A (5) 25 2 77 23 
6 A (5) 40 1 ≥99 (96) 0 
7 A (2.5) 40 1 ≥99 (95) 0 
8 A (1) 40 1 90 (84) 10 
aYields determined by 1H NMR. bIsolated yields in parentheses. cByproduct observed (ca. 
15%). 
 
With an efficient method developed for the synthesis of 130a and the optimal 
reaction conditions for the cross-coupling and subsequent gold(I)-catalyzed 
cyclization in hand (Table 11), the substrate generality of this transformation was next 
explored. Thus, starting from 130a as the common precursor, a series of 1,7-enynes 
119 were prepared under standard Sonogashira cross-coupling conditions from 
substituted iodobenzenes, before being submitted to the gold(I)-catalyzed cyclization 
[Au]cat
OMe
+
OMeH
CH2Cl2
T, t
119a 120a 120a'
P AutBu
tBu
NCMe
A
+ SbF6-
B C
N N
iPr
iPr
iPr
iPr Au
N
Ph
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O P Au
tBu
tBu NCPh
3
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(Table 12). In general, good to excellent yields (46-99%) were obtained for all the 
1,7-enynes tested. 7-Substituted-5-12-dihydrotetracenes were selectively accessed 
from ortho-substituted iodobenzenes (120b, 120f, 120k), whereas 1,7-enynes derived 
from para-substituted iodobenzenes gave rise to 8-substituted-5,12-dihydrotetracenes 
(120c-e, 120g-j, 120l-m). Although the cyclization of meta-substituted enynes also 
provided dihydrotetracenes, the expected mixtures of regioisomeric 7- and 8-
substituted-5,12-dihydrotetracenes were obtained, and therefore these substrates were 
not further explored. Enynes bearing both electron-rich and electron-poor aryl groups 
at the alkyne terminus afforded efficiently the corresponding dihydrotetracenes. 
Several 5,12-dihydrotetracene derivatives were prepared bearing carbonyl (120d-e) or 
halide (120h-j, 120l) groups, which are convenient functional handles for further 
synthetic manipulations. Furthermore, other substituents such as aromatic (120k-l) or 
silylated groups (120m) were also well tolerated in this transformation.  
Table 12. Scope of the gold(I)-catalyzed cyclization of 1,7-enynes 119 to form 
dihydrotetracenes 120.[a]  
 
Entry R 119 (% yield) 120 (% yield)  
1 H 119a (95) 
 
120a (95) 
2 2-Me 119b (72) 
 
120b (68) 
3 4-Me 119c (67)  120c (54) 
4 4-COMe 119d (88) 
 
120d (59) 
PdCl2(PPh3)2, CuI
ArI, Et3N, 40 ºC
OMe
130a
OMe
119 120
R
R
A (2.5 mol%)
CH2Cl2, 40 ºC
Me
O
Me
Me
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5 4-CHO 119e (73) 
 
120e (71) 
6 2-OMe 119f (86) 
 
120f (77) 
7 4-OMe 119g (86) 
 
120g (60) 
8 4-F 119h (99) 
 
120h (76) 
9 4-Br 119i (88)  120i (67) 
10 4-I 119j (55)  120j (99) 
11 2-Ph 119k (60) 
 
120k (46) 
12 4-(4-IC6H4) 119l (46) 
 
120l (71) 
13 4-SiMe3 119m (82) 
 
120m (55) 
[a]ORTEP plots (thermal ellipsoids at 50% probability) of the X-ray crystal structures 
of 120a, 120e, 120g, and 120h are shown. Oxygen atoms are shown in red, fluorine 
atoms green, and hydrogen atoms white. 
The gold(I)-catalyzed cyclization was also successfully applied to the 
preparation of extended PAHs and partially saturated heteroacenes (Table 13). 
Dihydrobenzotetracene 120n, dihydrodibenzotetracene 120o, and 
dihydronaphthopentacene 120p were prepared in good to excellent yields by 
cyclization of the 1,7-enynes that result from the coupling of 130a with 2-
iodonaphthalene, 9-iodophenanthrene, and 1-iodopyrene, respectively. 
TMS
I
Ph
I
Br
OMe
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Dihydroheteroacenes 120q and 120r were obtained similarly from 2-iodothiophene 
and 2-iodobenzothiophene. 
Table 13. Synthesis of expanded dihydroPAHs and dihydroheteroacenes.[a] 
 
[a]ORTEP plots (thermal ellipsoids at 50% probability) of the crystal structures of 
120n, 120o, and 120q. Atom colors are the same as those in Table 12, the sulfur atom 
of 120q is shown in yellow. 
Expanded enyne precursors 130b-c bearing additional fused benzene rings 
could be accessed through a synthetic sequence similar to that followed for the 
preparation of 130a. The synthesis of the primary alcohol 121b required for the 
preparation of 130b was accomplished from commercially available 1-bromo-2-
(bromomethyl)naphthalene by addition of dimethyl malonate, saponification of the 
resulting diester, decarboxylation, and reduction of the carboxylic acid (Scheme 54). 
Then, the four-steps sequence shown in Scheme 51 for the synthesis of 130a led to 
the formation of enyne precursor 130b. In order to prove its utility as precursor of the 
required 1,7-enynes, 130b was coupled with 2-iodonaphthalene to afford 119s, which 
under the optimized conditions for the gold(I)-catalyzed cyclization afforded 
dihydrodibenzotetracene 120s.  
Ar
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Scheme 54. Synthesis of 130b and its application to the synthesis of 120s. 
For the synthesis of 130c through an analogous route the starting substrate is 2-
bromo-3-(bromomethyl)naphtahelene 137, which is not commercially available and 
needed to be therefore prepared from 3-methyl-2-naphthol (Scheme 55). 3-Methyl-2-
naphthol was converted into the corresponding triflate 135, which underwent a Pd-
catalyzed substitution reaction to afford to aryl bromide 136.224 Bromination at the 
benzylic position formed 137, which following a sequence analogous to the one 
depicted in Scheme 54 gave rise to enyne precursor 130c. The gold(I)-catalyzed 
cyclization of the 1,7-enyne that results from the cross-coupling of 130c with 
iodobenzene cleanly formed 6,13-dihydropentacene (120t), thus demonstrating the 
effectiveness of this methodology to access larger hydroacene derivatives. 
																																																								
224  Pan, J.; Wang, X.; Zhang, Y.; Buchwald, S. L. Org. Lett. 2011, 13, 4974–4976. 
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Scheme 55. Synthesis of 130c and its application to the synthesis of 120t. 
To further illustrate the potential of this gold(I)-catalyzed cyclization method, 
di- and tri-1,7-enynes were prepared from terminal alkyne 130a and the 
corresponding di- and triiodoarenes (Scheme 56). These polyenynes 138 underwent 
the desired multiple gold(I)-catalyzed cyclizations under the reaction conditions 
optimized for the cyclization of 119a to cleanly afford products 139. Interestingly, the 
catalyst loading in these multiple cyclization reactions could be maintained at 2.5 
mol% without observing any decrease in the yield of 139. Poly-dihydrotetracenes 
139a and 139b were thus prepared, providing a new route to stable and relatively 
soluble precursors of acene-based materials, which have shown good performance as 
n-type materials in organic field effect transistors.225 Similarly, the double cyclization 
of a dienyne derived from 2,5-diiodothiophene afforded 139c, which is known to be a 
precursor of a fully aromatic sulfur-containing heptacene analogue.226  
																																																								
225  Zhang, F.; Meizer, C.; Gassmann, A.; von Seggern, H.; Chwalm, T.; Gawrisch, C.; 
Rehahn, M. Org. Electron. 2013, 14, 888–896. 
226  De, P. K.; Neckers, D. C. Org. Lett. 2012, 14, 78–81. 
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Scheme 56. Synthesis of 139a-c by multiple gold(I)-catalyzed cyclizations. 
 (2,5-Diiodo-1,4-phenylene)bis(trimethylsilane) was next evaluated as the 
coupling partner with the aim of selectively preparing a tetrahydroheptacene 
derivative, and the resulting dienyne 138d was cyclized under the optimized reaction 
conditions (Scheme 57). The product of this transformation was an insoluble white 
solid that could be assigned to 139d from its analyses by LDI-MS and 1H NMR at 
393K (Figure 24). 
 
Scheme 57. Synthesis of 139d by double cyclization of 138d. 
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Figure 24. (left) LDI-MS spectrum of 139d+·. (right) 1H NMR spectrum of 139d in 
C2D2Cl4 at 393K. 
Dibromo derivative 140 was prepared from 139d and its structure was 
unambiguously assured by X-ray diffraction (Scheme 58). Thus, not only was the 
linearity of 139d confirmed, but a potential entry to functionalized larger hydroacenes 
and graphene nanoribbons was also opened. 
 
Scheme 58. Dibromination of 139d. ORTEP plot (thermal ellipsoids at 50% 
probability) of the crystal structure of 140. Atom colors are the same as those in Table 
12, the bromine atoms are shown in orange. 
In order to elucidate the order of events in the cyclization-desilylation sequence 
1,7-enyne 119u was prepared under the standard cross-coupling conditions and 
submitted to the gold(I)-catalyzed cyclization from which 120n was isolated as the 
sole product (Scheme 59). In contrast, 120n’ could not be detected from the reaction 
mixture thus indicating that the TMS groups in ortho- position with respect to the 
alkyne are cleaved prior to the cyclization process.  
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82%
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Br139d
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Scheme 59. Cyclization of 119u. 
 Taking into account this result, the double cyclization of dienynes derived from 
the coupling of precursors 130 with 1,4-diiodobenzene was next tested (Scheme 60). 
Remarkably, these substrates provided regioselectively linear products 139d-f, which 
constitute isolable, stable derivatives of heptacene, dibenzo[a,p]heptacene, and 
nonacene, respectively.  
 
Scheme 60. Cyclization of dienynes derived from 1,4-diiodobenzene. 
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The aromatization and trapping of tetrahydroacenes 139d and 139f in the 
presence of an oxidant166 could not be performed in the laboratory due to the intrinsic 
instability of the intermediate species. Nevertheless, 139e in the presence of DDQ 
afforded a stable highly insoluble solid whose LDI-MS spectrum allowed the 
assignment to dibenzoheptacene 141 (Scheme 61). The higher stability of this 
conjugated system can be easily understood taking into account the presence of three 
aromatic Clar sextets in the molecule (Figure 25).68 
 
Scheme 61. Oxidation of 139e to 141. 
 
Figure 25. LDI-MS spectrum of 141 and its Clar aromatic sextets. 
3.3. STM Studies on the On-Surface Synthesis of Nonacene227 
Nonacene has only been generated photochemically from a bis(α-
diketone)precursor in solid Ar at 30K under matrix isolation conditions, which 
allowed the study of its UV-Vis spectrum upon irradiation.137 The formation of 
nonacene was supported by the intense NIR absortions generated after irradiation at 
185 nm, which were attributed to the transitions of the radical ions of the acene.133,134 
																																																								
227  STM studies in collaboration with Dr. Szymon Godlewski at Centre for Nanometer-
Scale Science and Advanced Materials (NANOSAM) in Krakow, Poland. 
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However, as stated by the authors, ‘further experimental and theoretical 
investigations of the higher acenes are highly desirable’. 
We envisioned that tetrahydrononacene 139f could be used as a stable precursor 
for the surface-assisted synthesis of nonacene. Thus, molecules of 139f were 
successfully deposited onto a Au(111) surface by sublimation at UHV and analyzed 
by STM (Figure 26). Interestingly, a closer inspection of the deposited molecules 
revealed the presence of some partially or fully aromatized derivatives of 139f, which 
means that the dehydrogenation could easily take place even at the relatively mild 
imaging conditions. 
  
Figure 26. STM image of molecules of 139f on Au(111) (image size: 50x50 nm). 
The dehydrogenation of 139f was next examined in detail. Preliminar STM 
imaging of isolated single adsorbed molecules allowed the mapping of 139f 
molecules, which under higher currents underwent a surface-assisted stepwise 
dehydrogenation to successfully form nonacene via dihydrononacene 139f’ (Figure 
27). Further experiments to fully characterize the electronic properties of nonacene 
are currently underway.  
139f
	 168	
 
Figure 27. STM images (-2.0 V, 80 pA) for the stepwise dehydrogenation of 139f to 
nonacene (images size: 3.2x1.8 nm). 
 
	 169	
4. CONCLUSIONS AND OUTLOOK 
A novel strategy for the synthesis of partially saturated acene derivatives has 
been developed based on a gold(I)-catalyzed cyclization of aryl-tethered 1,7-enynes, 
which are readily assembled through a Sonogashira cross-coupling reaction from 
relatively simple synthons (Scheme 62).228 This method operates under mild reaction 
conditions and tolerates a range of functionalities. Furthermore, double and triple 
cyclizations can be performed on suitable polyenynes, thus gaining straightforward 
access to stable polycyclic products featuring the backbone of larger acenes up to 
nonacene. 
 
Scheme 62. Synthesis of hydroacenes. 
Investigations into the metal surface-assisted dehydrogenation of 
tetrahydrononacene led to the successful synthesis of nonacene for which STM 
images could be obtained. This result demonstrates that hydroacenes prepared through 
this method can be used as stable precursors of the parent higher acenes, and efforts 
are currently been devoted to the full characterization of the electronic properties of 
nonacene and other related aromatic systems. 
Moreover, dibromotetrahydroheptacene 140 was envisioned as a suitable 
precursor for the on-surface preparation of graphene nanoribbons through a sequence 
involving the Ullmann-type coupling of heptacene units and the aromatization of the 
acene cores (Scheme 63).20,229,230 
																																																								
228  Dorel, R.; McGonigal, P. R.; Echavarren, A. M. Angew. Chem. Int. Ed. 2016, 55, 
11120–11123. 
229  Simonov, K. A.; Vinogradov, N. A.; Vinogradov, A. S.; Generalov, A. V.; Zagrebina, 
E. M.; Svirskiy, G. I.; Cafolla, A. A.; Carpy, T.; Cunniffe, J. P.; Taketsugu, T.; Lyalin, 
A.; Mårtensson, N.; Preobrajenski, A.B. ACS Nano 2015, 9, 8997–9011. 
230  STM studies in collaboration with Dr. Dimas G. de Oteyza at Centro de Física de 
Materiales (CSIC-UPV/EHU) in San Sebastián, Spain. 
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Scheme 63. Conceptual synthesis of graphene nanoribbons from 140. 
 
  
BrBr
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5. EXPERIMENTAL SECTION 
5.1. General Methods 
The general information is provided in the experimental section of Chapter I.  
5.2. Synthetic Procedures and Analytical Data 
5.2.1. Synthesis of enyne precursors  
 
1-Bromo-2-(3,3-dimethoxypropyl)benzene (S1a). A solution of 121a (5.32 g, 24.77 
mmol) in CH2Cl2 (50 mL) was cooled to 0 ºC and then trichloroisocyanuric acid (6.32 
g, 27.22 mmol) and (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (39 mg, 0.25 mmol) were 
added. The mixture was stirred at 0 ºC for 10 min and then allowed to warm to room 
temperature and stirred for 15 min. After filtration through a pad of Celite, the crude 
reaction mixture was diluted with CH2Cl2 (200 mL) and washed with a saturated 
aqueous solution of NaHCO3 (200 mL), a 10% aqueous solution of HCl (200 mL), 
and brine (200 mL). The organic extracts were dried over MgSO4, filtered, and 
concentrated under reduced pressure to give crude 3-(2-bromophenyl)propanal as a 
yellow oil, which was taken on to the next step without further purification.231 To a 
solution of crude aldehyde (24.77 mmol) in MeOH (50 mL) was added 
trimethylorthoformate (5.3 mL, 49.54 mmol), then concentrated sulfuric acid (65 µL, 
1.2 mmol), and the resulting mixture was refluxed for 1.5 h. The mixture was allowed 
to cool down to room temperature, then Na2CO3 (0.5 g, 4.82 mmol) was added and 
the suspension was stirred for 20 min. The volatiles were removed under reduced 
pressure and the residue diluted with EtOAc (50 mL), dried over MgSO4 and 
concentrated under reduced pressure. Filtration through a short column of silica 
(pentane:CH2Cl2:NEt3 50:50:1) afforded S1a as a colorless oil (6.08 g, NMR purity ≈ 
																																																								
231 Procedure from: De Luca, L.; Giacomelli, G.; Procheddu, A. Org. Lett. 2001, 3, 3041–
3043. 
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85-95%).232 
1H NMR (500 MHz, CDCl3) δ 7.59 – 7.52 (m, 1H), 7.28 – 7.24 (m, 2H), 7.13 – 7.04 
(m, 1H), 4.44 (t, J = 5.7 Hz, 1H), 3.38 (s, 6H), 2.85 – 2.79 (m, 2H), 1.98 – 1.92 (m, 
2H). 13C NMR (126 MHz, CDCl3) δ 141.0, 132.9, 130.4, 127. 7, 127.5, 124.4, 103.7, 
52.7, 32.4, 31.4. HRMS (ESI+) m/z calc. for C11H15BrNaO2 [M+Na]+: 281.0148. 
Found: 281.0147. 
 
1-Bromo-2-(3-methoxyallyl)benzene (131a). To a solution of S1a (6.08 g, 19.94 
mmol) in CH2Cl2 (200 mL) at -50 ºC was added diisopropylethylamine (4.2 mL, 
23.88 mmol) and then TMSOTf (3.9 mL, 21.89 mmol) dropwise over 10 min. The 
resulting mixture was allowed to warm to -20 ºC over 2 h and then stirred for 12 h. 
The reaction was quenched by the addition of saturated aqueous solution of NaHCO3 
(150 mL) and warmed to room temperature. The organic layer was separated and the 
aqueous phase extracted with CH2Cl2 (200 mL). The combined organic phases were 
dried over MgSO4, filtered and concentrated under reduced pressure. Purification by 
column chromatography (pentane:CH2Cl2:NEt3 90:10:1) afforded pure 131a as a 
colorless oil (1.79 g, 7.88 mmol, 1:3 E/Z ratio, yield over 3 steps = 32%).  
1H NMR (500 MHz, CDCl3) δ 7.53 – 7.48 (m, 1.3H), 7.31 (dd, J = 7.7, 1.9, 1H, Z), 
7.28 – 7.20 (m, 1.6H), 7.06 – 6.99 (m, 1.3H), 6.41 (dt, J = 12.6, 1.1, 0.3H, E), 6.02 
(dt, J = 6.1, 1.4, 1H, Z), 4.87 (dt, J = 12.6, 7.3, 0.3H, E), 4.55 (td, J = 7.4, 6.1, 1H, Z), 
3.62 (s, 3H, Z), 3.52 (s, 0.9H, E), 3.50 (dd, J = 7.4, 1.1, 2H, Z), 3.35 (dd, J = 7.3, 1.0, 
0.7H, E). 13C NMR (126 MHz, CDCl3) δ Z isomer: 147.3, 140.8, 132.6, 130.0, 127.6, 
127.4, 124.4, 103.5, 59. 7, 30.6. δ E isomer: 148.8, 140.9, 132.7, 130.0, 127.5, 127.4, 
																																																								
232 This compound was found to be sensitive, and therefore was used immediately in the 
following step. 
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124.4, 100.1, 56.0, 34.3. The spectroscopic data were consistent with those previously 
reported.233  
 
1-(3-Methoxyallyl)-2-(prop-2-yn-1-yl)benzene (130a). A flask containing Mg 
turnings (214 mg, 3.52 mmol) was flame dried under an Ar stream, cooled, and 
charged with 3 mL of anhydrous THF followed by 50 µL of 1,2-dibromoethane. After 
2 min stirring at room temperature, a solution of 131a (1.00 g, 4.40 mmol) in 
anhydrous THF (2 mL) was added dropwise. After heating at 80 ºC for 1 h, the 
reaction was cooled down to room temperature and added over a mixture of CuI (16.8 
mg, 0.08 mmol) and methoxyallene (0.74 mL, 8.80 mmol) in anhydrous THF (2 mL). 
The resulting mixture was heated at 60 ºC for 4 h and then cooled down to room 
temperature, diluted with EtOAc (10 mL), and quenched by the addition of a saturated 
solution of NaHCO3 (20 mL). The organic layer was separated and the aqueous phase 
was extracted with EtOAc (20 mL). The combined organic layers were dried over 
MgSO4, filtered, and concentrated under reduced pressure. Purification by column 
chromatography (pentane:CH2Cl2:NEt3 90:10:1) gave the title compound as a 
colorless oil (Z:E = 3:1, 393.0-557.2 mg, 2.12-3.01 mmol, yield = 48-68%).  
1H NMR (500 MHz, CDCl3) δ 7.55 – 7.47 (m, 1.3H), 7.27 – 7.20 (m, 3.9H), 6.37 (dt, 
J = 12.7, 1.4 Hz, 0.3H, E), 6.02 (dt, J = 6.1, 1.5 Hz, 1H, Z), 4.89 (dt, J = 12.6, 7.0 Hz, 
0.3H, E), 4.49 (td, J = 7.4, 6.1 Hz, 1H, Z), 3.68 (s, 3H, Z), 3.64 (dd, J = 2.7, 0.6 Hz, 
2H, Z), 3.63 (dd, J = 2.8, 0.6 Hz, 0.7H, E), 3.56 (s, 1H, E), 3.46 (dd, J = 7.4, 1.5 Hz, 
2H, Z), 3.34 (dd, J = 7.0, 1.4 Hz, 0.7H, E), 2.22 (t, J = 2.7 Hz, 1.3H). 13C NMR (101 
MHz, CDCl3) δ 148.3, 146.7, 139.1, 138.9, 134.2, 134.1, 129.2, 129.0, 128.7, 128.4, 
127.2, 127.1, 126.6, 126.4, 104.4, 100.8, 82.1, 81.9, 70.7, 70.6, 59.7, 56.0, 31.0, 27.6, 
22.4, 22.1. HRMS (ESI+) m/z calc. for C13H14NaO [M+Na]+: 209.0937. Found: 
209.0942. 
																																																								
233 Jiménez-Núñez, E.; Raducan, M.; Lauterbach, T.; Molawi, K.; Solorio, C. R.; 
Echavarren, A. M. Angew. Chem. Int. Ed. 2009, 48, 6152–6155. 
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3-(1-Bromonaphthalen-2-yl)propan-1-ol (121b). Sodium hydride (731.9 mg, 18.29 
mmol, 60% in mineral oil) was suspended in THF (150 mL) and cooled to 0 ºC. 
Dimethyl malonate (2.00 mL, 17.52 mmol) was added dropwise over a 30 min period 
and the reaction was stirred for an additional 30 min at 0 ºC. 1-Bromo-2-
bromomethylnaphthalene (5.00 g, 16.65 mmol) was then added in a single portion 
causing the immediate formation of a white precipitate and the mixture was heated at 
50 ºC for 1 h. After cooling down to room temperature, the cloudy white suspension 
was diluted with Et2O (60 mL) and washed with H2O (150 mL). The aqueous layer 
was extracted with Et2O (120 mL) and EtOAc (120 mL) and the combined organic 
layers were dried over MgSO4, filtered, and concentrated under reduced pressure.  
The crude diester was dissolved in MeOH (60 mL) and solid KOH (4.66 g, 83.24 
mmol) was added at room temperature. The resulting mixture was refluxed for 2 h, 
then cooled down to room temperature and the volatiles removed under reduced 
pressure. The solid was dissolved in H2O (120 mL) and the aqueous mixture was 
washed with Et2O (120 mL) and then acidified by the slow addition of concentrated 
HCl to pH < 1. The product was extracted with EtOAc (3x100 mL) and the combined 
organic layers were then dried over MgSO4, filtered, and concentrated under reduced 
pressure to obtain pure diacid as a white solid.  
The diacid was directly dissolved in DMF (12 mL) and heated at 150 ºC for 1 h. After 
cooling down to room temperature the pH was adjusted to 14 by the addition of 2.0 M 
solution of KOH. The aqueous phase was washed with Et2O (2x100 mL) and then 
acidified by the slow addition of concentrated HCl to pH < 1. The product was 
extracted with EtOAc (3x100 mL) and the combined organic layers were washed with 
a 12 M HCl aqueous solution (150 mL), then dried over MgSO4, filtered, and 
concentrated under reduced pressure to obtain the crude carboxylic acid as an off-
white solid, which was taken to the next step without further purification. 
BH3·SMe2 (2.40 mL, 25.00 mmol) was added dropwise to a solution of the crude 
carboxylic acid in anhydrous THF (120 mL) at 0 ºC. Once the addition was completed 
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the ice bath was removed, the resulting mixture was allowed to warm to room 
temperature and then heated gradually to 80 ºC. After stirring at that temperature for 2 
h without any condenser, the mixture was cooled to 0 ºC and quenched by slow 
addition of 1 M solution of HCl (100 mL). The product was extracted with Et2O 
(3x100 mL) and the combined organic layers washed with brine (200 mL), dried over 
MgSO4, filtered, and concentrated under reduced pressure. Purification by column 
chromatography (cyclohexane:EtOAc 7:3) afforded the product as a colorless oil 
(2.83 g, 10.66 mmol, yield over 4 steps = 64%). 
1H NMR (400 MHz, CDCl3) δ 8.34 (d, J = 8.5 Hz, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.77 
(d, J = 8.3 Hz, 1H), 7.61 (ddd, J = 8.5, 6.9, 1.4 Hz, 1H), 7.51 (ddd, J = 8.1, 6.8, 1.2 
Hz, 1H), 7.40 (d, J = 8.4 Hz, 1H), 3.77 (t, J = 6.3 Hz, 2H), 3.16 – 3.08 (m, 2H), 2.05 – 
1.97 (m, 2H), 1.54 (bs, 1H). 13C NMR (101 MHz, CDCl3) δ 139.3, 133.2, 132.6, 
128.1, 128.0, 127.7, 127.4, 127.2, 125.9, 123.7, 62.2, 33.6, 33.0. HRMS (ESI+) m/z 
calc. for C13H13BrNaO [M+Na]+: 287.0042. Found: 287.0045. 
 
1-Bromo-2-(3,3-dimethoxypropyl)naphthalene (S1b). Procedure described for S1a 
starting from 121b (1500 mg, 5.67 mmol). Colorless oil directly taken on to the next 
step. 
1H NMR (400 MHz, CDCl3) δ 8.34 (d, J = 8.6 Hz, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.76 
(d, J = 8.3 Hz, 1H), 7.60 (ddd, J = 8.5, 6.9, 1.4 Hz, 1H), 7.51 (ddd, J = 8.5, 6.9, 1.4 
Hz, 1H), 7.38 (d, J = 8.4 Hz, 1H), 4.47 (t, J = 5.7 Hz, 1H), 3.39 (s, 6H), 3.10 – 3.04 
(m, 2H), 2.07 – 2.00 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 139.2, 133.2, 132.6, 
128.1, 128.0, 127.6, 127.3, 127.2, 125.9, 123.7, 103.7, 52.8, 32.6, 32.6. HRMS (ESI+) 
m/z calc. for C15H17BrNaO2 [M+Na]+: 331.0304. Found: 331.0310. 
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1-Bromo-2-(3-methoxyallyl)naphthalene (131b). Procedure described for 131a 
starting from S1b. Colorless oil (565.5 mg, 2.04 mmol, 1:2 E/Z ratio, yield over 3 
steps = 36%). 
1H NMR (400 MHz, CDCl3) δ 8.38 – 8.31 (m, 1.5H), 7.85 – 7.73 (m, 3H), 7.63 – 7.56 
(m, 1.5H), 7.53 – 7.44 (m, 2.5H), 7.41 (d, J = 8.4 Hz, 0.5H, E), 6.52 (dt, J = 12.6, 1.3 
Hz, 0.5H, E), 6.08 (dt, J = 6.1, 1.5 Hz, 1H, Z), 4.98 (dt, J = 12.6, 7.3 Hz, 0.5H, E), 
4.66 (td, J = 7.5, 6.1 Hz, 1H, Z), 3.81 (dd, J = 7.4, 1.5 Hz, 2H, Z), 3.70 (s, 3H, Z), 
3.66 (dd, J = 7.3, 1.3 Hz, 1H, E), 3.56 (s, 1.5H, E). 13C NMR (101 MHz, CDCl3) δ Z 
isomer: 147.2, 139.1, 133.2, 132.6, 128.0, 128.0, 127.6, 127.2, 127.2, 125.8, 123.5, 
103.8, 59.7, 31.9. δ E isomer: 148.7, 138.9, 133.3, 132.6, 128.0, 127.8, 127.7, 127.3, 
127.3, 125.9, 123.6, 103.8, 100.3, 56.0, 35.6. HRMS (ESI+) m/z calc. for C14H14BrO 
[M+H]+: 277.0223. Found: 277.0221. 
 
2-(3-Methoxyallyl)-1-(prop-2-yn-1-yl)naphthalene (130b). Procedure for 130a 
starting from 131b (500 mg, 1.80 mmol). Colorless oil (178.5 mg, 0.75 mmol, 1:2 E/Z 
ratio, yield = 42%). 
1H NMR (400 MHz, CDCl3) δ 8.20 – 8.15 (m, 1.5H), 7.88 – 7.82 (m, 1.5H), 7.78 – 
7.72 (m, 1.5H), 7.62 – 7.55 (m, 1.5H), 7.52 – 7.45 (m, 1.5H), 7.43 – 7.37 (m, 1.5H), 
6.40 (dt, J = 12.6, 1.4 Hz, 0.5H, E), 6.03 (dt, J = 6.1, 1.5 Hz, 1H, Z), 5.00 (dt, J = 
12.6, 6.8 Hz, 0.5H, E), 4.59 (td, J = 7.4, 6.1 Hz, 1H, Z), 4.02 (d, J = 2.7 Hz, 2H, Z), 
4.00 (d, J = 2.8 Hz, 1H, E), 3.72 (s, 3H, Z), 3.69 (dd, J = 7.4, 1.6 Hz, 2H, Z), 3.57 (dd, 
J = 6.9, 1.5 Hz, 1H, E), 3.54 (s, 1.5H, E), 2.10 – 2.04 (m, 1.5H). 13C NMR (101 MHz, 
CDCl3) δ Z isomer: 146.4, 137.1, 132.7, 132.1, 129.5, 128.5, 128.3, 127.6, 126.3, 
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125.0, 123.9, 104.9, 82.5, 69.0, 59.8, 28.8, 17.9. δ E isomer: 148.2, 136.5, 132.8, 
132.0, 129.5, 128.6, 128.2, 127.7, 126.4, 125.1, 123.8, 101.4, 82.3, 69.2, 56.0, 32.3, 
17.9. HRMS (ESI+) m/z calc. for C17H16NaO [M+Na]+: 259.1093. Found: 259.1095. 
 
3-Methylnaphthalen-2-yl trifluoromethanesulfonate (135). 
Trifluoromethanesulfonic anhydride (7.0 mL, 41.8 mmol) was added to a solution of 
3-methylnaphthalene-2-ol (6.00 g, 38.0 mmol), DMAP (0.46 g, 3.8 mmol), and 
pyridine (6.2 mL, 75.8 mmol) in anhydrous CH2Cl2 (190 mL) at 0 ºC over a period of 
15 min. The resulting mixture was allowed to warm to room temperature and stirred 
for 1 h, then washed with H2O (150 mL) and brine (150 mL), dried over MgSO4, 
filtered, and concentrated under reduced pressure. Purification by column 
chromatography (cyclohexane) afforded the product as a white solid (9.04 g, 31.16 
mmol, yield = 82%). 
Melting point = 62-64 ºC. 1H NMR (300 MHz, CDCl3) δ 7.87 – 7.79 (m, 2H), 7.77 (s, 
1H), 7.75 (s, 1H), 7.58 – 7.49 (m, 2H), 2.56 (s, 3H). 19F NMR (376 MHz, CDCl3) δ -
73.75. 13C NMR (101 MHz, CDCl3) δ 147.0, 132.5, 132.1, 130.8, 128.8, 127.7, 127.1, 
127.1, 126.6, 119.0, 118.6 (q, J = 320.2 Hz), 16.9. HRMS (ESI+) m/z calc. for 
C12H9F3NaO3S [M+Na]+: 313.0117. Found: 313.0118. 
 
2-Bromo-3-methylnaphthalene (136). 234  To a 2-neck flask equipped with a 
magnetic stir bar was added KBr (2.46 g, 20.66 mmol), KF (300 mg, 5.17 mmol), and 
135 (3.0 g, 10.33 mmol). The flask was equipped with a condenser, sealed with a 
septum, evacuated and backfilled with argon (this process was repeated a total of 
three times). To another flask equipped with a magnetic stir bar was added Pd2(dba)3 
(283.8 mg, 10.31 mmol) and t-BuBrettPhos (450.6 mg, 0.93 mmol). The flask was 
sealed with a septum, evacuated and backfilled with argon (this process was repeated 																																																								
234 This compound is commercially available (CAS: 939–15–1, $3600/5g). However, it 
was more convenient in terms of price to prepare it from 135 following the 
methodology reported in ref. 224. 
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a total of three times). 1,4-Dioxane (9 mL) was added via syringe, and the mixture 
was heated at 120 °C for 3 min. After the catalyst solution was cooled to room 
temperature, it was added to the flask containing KBr, KF, and 135 via syringe, 
followed by addition of dioxane (35 mL). The resulting mixture was stirred 
vigorously at 140 °C for 24 h and then cooled to room temperature, filtered through a 
pad of silica gel (eluted with EtOAc), and concentrated under reduced pressure. The 
crude material was purified by column chromatography (cyclohexane) to afford the 
product as a white solid (1.50 g, 6.82 mmol, yield = 66%). 
1H NMR (300 MHz, CDCl3) δ 8.08 (s, 1H), 7.79 – 7.72 (m, 2H), 7.71 (s, 1H), 7.52 – 
7.41 (m, 2H), 2.58 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 135.3, 133.0, 132.5, 130.7, 
128.7, 127.1, 126.6, 126.2, 125.9, 123.61, 23.3.  
 
2-Bromo-3-(bromomethyl)naphthalene (137). NBS (1.33 g, 7.36 mmol) and AIBN 
(0.22 g, 1.32 mmol) were sequentially added to a solution of 136 (1.50 g, 6.78 mmol) 
in CCl4 (50 mL). The resulting mixture was refluxed for 1.5 h, then cooled down to 
room temperature and the volatiles were removed under reduced pressure. 
Purification by column chromatography (cyclohexane) afforded the product as a 
white solid (1.42 g, 4.75 mmol, yield = 70%). 
1H NMR (500 MHz, CDCl3) δ 8.13 (s, 1H), 7.98 (s, 1H), 7.87 – 7.80 (m, 1H), 7.80 – 
7.73 (m, 1H), 7.58 – 7.50 (m, 2H), 4.81 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 134.2, 
134.2, 132.3, 132.1, 130.5, 127.9, 127.6, 126.9, 126.7, 121.4, 34.0. The spectroscopic 
data were consistent with those previously reported.235 
 
3-(3-Bromonaphthalen-2-yl)propan-1-ol (121c). Procedure described for 121b 
starting form 137 (1.30 g, 4.32 mmol). White solid (734.5 mg, 2.77 mmol, yield over 
4 steps = 64%). 
																																																								
235 Smith, J. G.; Dibble, P. W.; Sandborn, R. E. J. Org. Chem. 1986, 51, 3762–3768. 
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Melting point = 82-84 ºC. 1H NMR (500 MHz, CDCl3) δ 8.10 (s, 1H), 7.80 – 7.76 (m, 
1H), 7.74 (dd, J = 7.4, 1.8 Hz, 1H), 7.72 (s, 1H), 7.52 – 7.45 (m, 2H), 3.78 (t, J = 6.3 
Hz, 2H), 3.05 – 2.99 (m, 2H), 2.06 – 1.99 (m, 2H), 1.45 (s, 1H). 13C NMR (126 MHz, 
CDCl3) δ 138.4, 133.1, 132.5, 131.3, 128.5, 127.3, 126.6, 126.3, 126.2, 123.0, 62.2, 
33.0, 32.5. HRMS (ESI+) m/z calc. for C13H13BrNaO [M+Na]+: 287.0042. Found: 
287.0040. 
 
2-Bromo-3-(3,3-dimethoxypropyl)naphthalene (S1c). Procedure described for S1a 
starting from 121c (650 mg, 2.45 mmol). Colorless oil directly taken on to the next 
step. 
1H NMR (300 MHz, CDCl3) δ 8.09 (s, 1H), 7.80 – 7.71 (m, 2H), 7.71 (s, 1H), 7.52 – 
7.42 (m, 2H), 4.48 (t, J = 5.7 Hz, 1H), 3.39 (s, 6H), 3.01 – 2.93 (m, 2H), 2.09 – 2.00 
(m, 2H). 13C NMR (101 MHz, CDCl3) δ 138.3, 133.1, 132.5, 131.3, 128.5, 127.3, 
126.6, 126.3, 126.2, 122.9, 103.8, 52.8, 32.6, 31.5. HRMS (ESI+) m/z calc. for 
C15H17BrNaO2 [M+Na]+: 331.0304. Found: 331.0297. 
 
2-Bromo-3-(3-methoxyallyl)naphthalene (131c). Procedure described for 131a 
starting from S1c. Colorless oil (292.1 mg, 1.05 mmol, 1:2 E/Z ratio, yield over 3 
steps = 43%). 
1H NMR (500 MHz, CDCl3) δ 8.10 (s, 0.5H, E), 8.09 (s, 1H, Z), 7.81 – 7.77 (m, 
1.5H), 7.77 – 7.71 (m, 3H), 7.52 – 7.43 (m, 3H), 6.51 (dt, J = 12.6, 1.3 Hz, 0.5H, E), 
6.13 (dt, J = 6.1, 1.4 Hz, 1H, Z), 5.02 (dt, J = 12.6, 7.3 Hz, 0.5H, E), 4.70 (td, J = 7.3, 
6.1 Hz, 1H, Z), 3.70 (d, J = 7.3 Hz, 2H, Z), 3.69 (s, 3H, Z), 3.61 (s, 1.5H, E), 3.55 (d, 
J = 7.3 Hz, 1H, E). 13C NMR (126 MHz, CDCl3) δ Z isomer: 147.5, 138.1, 133.0, 
132.6, 131.0, 128.0, 127.4, 126.5, 126.1, 126.0, 123.2, 103.6, 59.7, 30.8. δ E isomer: 
149.1, 138.3, 133.1, 132.5, 131.2, 128.1, 127.4, 126.6, 126.3, 126.2, 123.0, 100.2, 
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56.1, 34.3. HRMS (APCI+) m/z calc. for C13H10Br [M-CH3O]+: 244.9960. Found: 
244.9957. 
 
2-(3-Methoxyallyl)-3-(prop-2-yn-1-yl)naphthalene (130c). Procedure described for 
130a starting from 131c (240 mg, 0.87 mmol). Colorless oil (80.2 mg, 0.34 mmol, 1:2 
E/Z ratio, yield = 39%). 
1H NMR (400 MHz, CDCl3) δ 8.00 (s, 1H, Z), 7.97 (s, 0.5H, E), 7.87 – 7.76 (m, 3H), 
7.69 (s, 1.5H), 7.49 – 7.41 (m, 3H), 6.41 (dt, J = 12.7, 1.4 Hz, 0.5H, E), 6.08 (dt, J = 
6.1, 1.5 Hz, 1H, Z), 4.98 (dt, J = 12.6, 7.0 Hz, 0.5H, E), 4.56 (td, J = 7.3, 6.2 Hz, 1H, 
Z), 3.81 – 3.77 (m, 3H), 3.70 (s, 3H, Z), 3.60 (d, J = 7.5 Hz, 2H, Z), 3.58 (s, 1.5H, E), 
3.50 (dd, J = 6.9, 1.2 Hz, 1H, E), 2.35 – 2.28 (m, 1.5H). 13C NMR (101 MHz, CDCl3) 
δ 148.6, 147.0, 137.3, 137.2, 133.0, 132.8, 132.8, 132.7, 132.4, 132.3, 127.5, 127.3, 
127.3, 127.2, 127.1, 127.1, 126.9, 125.7, 125.6, 125.5, 125.3, 104.3, 100.8, 82.0, 81.7, 
71.3, 71.2, 59.7, 56.1, 31.2, 27.8, 22.8, 22.5 (one peak missing due to overlapping). 
HRMS (ESI+) m/z calc. for C17H16NaO [M+Na]+: 259.1093. Found: 259.1090. 
5.2.2. Synthesis of 1,7-enynes  
General procedure: PdCl2(PPh3)2 (7.0 mg, 0.01 mmol) and CuI (3.8 mg, 0.02 mmol) 
were suspended in Et3N (1 mL) and the mixture was bubbled with Ar for 10 min. Aryl 
iodide (0.24 mmol) and a solution of 130 (0.2 mmol) in degassed NEt3 (1 mL) were 
subsequently added and the reaction was stirred at 40 ºC for 1.5 h unless otherwise 
stated. Then the mixture was diluted with EtOAc (1 mL), filtered through a short pad 
of silica gel compacted with EtOAc/NEt3 99:1 and concentrated under reduced 
pressure. Purification by column chromatography using deactivated SiO2 afforded the 
1,7-enynes 119 as mixtures of Z:E isomers. 
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1-(3-Methoxyallyl)-2-(3-phenylprop-2-yn-1-yl)benzene (119a). General procedure 
from 130a and iodobenzene. Purification: cyclohexane:EtOAc:NEt3 97:2:1. Yellow 
oil (Z:E = 3:1, 49.7 mg, yield = 95%).  
1H NMR (400 MHz, CDCl3) δ 7.59 – 7.54 (m, 1H, Z), 7.56 – 7.49 (m, 0.3H, E), 7.47 
– 7.43 (m, 2.7H), 7.34 – 7.25 (m, 3.9H), 7.25 – 7.20 (m, 3.9H), 6.40 (dt, J = 12.6, 1.4 
Hz, 0.3H, E), 6.04 (dt, J = 6.1, 1.5 Hz, 1H, Z), 4.92 (dt, J = 12.7, 7.0 Hz, 0.3H, E), 
4.53 (td, J = 7.3, 6.1 Hz, 1H, Z), 3.86 (s, 2H, Z), 3.85 (s, 0.7H, E), 3.68 (s, 3H, Z), 
3.54 (s, 0.9H, E), 3.51 (dd, J = 7.3, 1.5 Hz, 2H, Z), 3.40 (dd, J = 7.0, 1.3 Hz, 0.7H, E). 
13C NMR (126 MHz, CDCl3) δ Z isomer: 146.7, 139.2, 134.8, 131.6, 129.0, 128.6, 
128.2, 127.7, 126.4, 126.5, 123.9, 116.8, 104.5, 87.7, 82.9, 59.7, 27.6, 23.2. δ E 
isomer: 148.3, 139.1, 134.7, 131.6, 129.2, 128.8, 128.2, 127.8, 127.1, 126.6, 123.7, 
100.9, 87.4, 82.9, 56.0, 31.1, 23.4. HRMS (ESI+) m/z calc. for C19H18NaO [M+Na]+: 
285.1250. Found: 285.1248. 
 
1-(3-Methoxyallyl)-2-(3-(o-tolyl)prop-2-yn-1-yl)benzene (119b). General procedure 
from 130a and 2-iodotoluene. Purification: cyclohexane:EtOAc:NEt3 97:2:1. 
Colorless oil (Z:E = 3:1, 39.7 mg, yield = 72%). 
1H NMR (500 MHz, CDCl3) δ 7.65 – 7.57 (m, 1.3H), 7.48 – 7.43 (m, 1.3H), 7.30 – 
7.21 (m, 6.5H), 7.19 – 7.12 (m, 1.3H), 6.41 (dt, J = 12.6, 1.4 Hz, 0.3H, E), 6.05 (dt, J 
= 6.1, 1.5 Hz, 1H, Z), 4.93 (dt, J = 12.7, 7.0 Hz, 0.3H, E), 4.54 (td, J = 7.3, 6.1 Hz, 
1H, Z), 3.92 (s, 2H, Z), 3.91 (s, 0.6H, E), 3.69 (s, 3H, Z), 3.56 (s, 1H, E), 3.53 (dd, J = 
7.4, 1.6 Hz, 2H, Z), 3.42 (dd, J = 7.0, 1.4 Hz, 0.6H, E), 2.49 (s, 3H, Z), 2.48 (s, 0.6H, 
E). 13C NMR (126 MHz, CDCl3) δ Z isomer: 146.7, 140.1, 139.2, 135.0, 132.0, 129.3, 
129.0, 128.5, 127.7, 126.9, 126.3, 125.4, 123.7, 104.5, 91.6, 81.8, 59.7, 27.6, 23.4, 
20.8. δ E isomer: 148.3, 140.0, 139.0, 134.9, 132.0, 129.4, 129.1, 128.8, 127.8, 127.0, 
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126.6, 125.5, 123.5, 100.9, 91.3, 81.9, 56.0, 31.1, 23.6, 20.8. HRMS (APCI+) m/z 
calc. for C20H21O [M+H]+: 277.1587. Found: 277.1586. 
 
1-(3-Methoxyallyl)-2-(3-(p-tolyl)prop-2-yn-1-yl)benzene (119c). General procedure 
from 130a and 4-iodotoluene. Purification: cyclohexane:EtOAc:NEt3 97:2:1. 
Colorless oil (Z:E = 3:1, 37.0 mg, yield = 67%). 
1H NMR (400 MHz, CDCl3) δ 7.63 – 7.50 (m, 1.3H), 7.39 – 7.30 (m, 2.6H), 7.27 – 
7.20 (m, 3.9H), 7.16 – 7.10 (m, 2.6H), 6.40 (dt, J = 12.7, 1.4 Hz, 0.3H, E), 6.03 (dt, J 
= 6.1, 1.6 Hz, 1H, Z), 4.92 (dt, J = 12.7, 7.0 Hz, 0.3H, E), 4.53 (td, J = 7.3, 6.1 Hz, 
1H, Z), 3.85 (s, 2H, Z), 3.84 (s, 0.6H, E), 3.68 (s, 3H, Z), 3.54 (s, 1H, E), 3.51 (dd, J = 
7.3, 1.5 Hz, 2H, Z), 3.39 (dd, J = 7.0, 1.3 Hz, 0.6H, E), 2.37 (s, 3.9H, Z+E). 13C NMR 
(101 MHz, CDCl3) δ Z isomer: 146.7, 139.2, 137.7, 134.9, 131.5, 129.0, 129.0, 128.6, 
126.9, 126.3, 120.8, 104.5, 86.9, 82.9, 59.7, 27.6, 23.2, 21.4. δ E isomer: 148.3, 139.1, 
137.8, 134.8, 131.5, 129.1, 129.0, 128.8, 127.0, 126.5, 120.7, 100.9, 86.6, 83.0, 56.0, 
31.1, 23.5, 21.4. HRMS (APCI+) m/z calc. for C20H21O [M+H]+: 277.1587. Found: 
277.1586. 
 
1-(4-(3-(2-(3-Methoxyallyl)phenyl)prop-1-yn-1-yl)phenyl)ethan-1-one (119d). 
General procedure from 130a and 4-iodoacetophenone. Purification: 
cyclohexane:EtOAc:NEt3 95:5:1. Yellow oil (Z:E = 3:1, 53.6 mg, yield = 88%). 
1H NMR (500 MHz, CDCl3) δ 7.93 – 7.90 (m, 2.7H), 7.56 – 7.51 (m, 4H), 7.29 – 7.21 
(m, 4H), 6.39 (dt, J = 12.6, 1.4 Hz, 0.3H, E), 6.04 (dt, J = 6.1, 1.5 Hz, 1H, Z), 4.92 
(dt, J = 12.6, 7.0 Hz, 0.3H, E), 4.52 (td, J = 7.4, 6.1 Hz, 1H, Z), 3.88 (s, 2H, Z), 3.87 
(s, 0.7H, E), 3.68 (s, 3H, Z), 3.54 (s, 1H, E), 3.51 (dd, J = 7.4, 1.6 Hz, 2H, Z), 3.39 
(dd, J = 7.0, 1.4 Hz, 0.7H, E), 2.62 (s, 4H). 13C NMR (126 MHz, CDCl3) δ Z isomer: 
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197.4, 146.8, 139.3, 135.9, 134.3, 131.7, 129.2, 128.9, 128.6, 128.2, 127.2, 126.4, 
104.4, 91.7, 82.2, 59.7, 27.6, 26.6, 23.3. δ E isomer: 197.4, 148.3, 139.0, 135.9, 134.2, 
131.7, 129.3, 128.8, 128.7, 128.2, 127.3, 126.6, 100.8, 91.3, 82.3, 56.0, 31.1, 26.6, 
23.5. HRMS (ESI+) m/z calc. for C21H21O2 [M+H]+: 305.1536. Found: 305.1534. 
 
4-(3-(2-(3-Methoxyallyl)phenyl)prop-1-yn-1-yl)benzaldehyde (119e). General 
procedure from 130a and 4-iodobenzaldehyde. Purification: cyclohexane:EtOAc:NEt3 
95:5:1. Colorless oil (Z:E = 3:1, 42.4 mg, yield = 73%). 
1H NMR (500 MHz, CDCl3) δ 10.02 (s, 1.3H), 7.86 – 7.82 (m, 2.7H), 7.64 – 7.57 (m, 
2.7H), 7.54 – 7.49 (m, 1.3H), 7.28 – 7.23 (m, 4H), 6.39 (dt, J = 12.7, 1.4 Hz, 0.3H, 
E), 6.04 (dt, J = 6.1, 1.5 Hz, 1H, Z), 4.92 (dt, J = 12.7, 7.0 Hz, 0.3H, E), 4.52 (td, J = 
7.4, 6.1 Hz, 1H, Z), 3.89 (s, 2H, Z), 3.88 (s, 0.7H, E), 3.69 (s, 3H, Z), 3.54 (s, 1H, E), 
3.52 (dd, J = 7.3, 1.6 Hz, 2H, Z), 3.40 (dd, J = 7.0, 1.4 Hz, 0.7H, E). 13C NMR (126 
MHz, CDCl3) δ Z isomer: 191.5, 146.8, 139.3, 135.1, 134.2, 132.2, 130.3, 129.5, 
129.2, 128.6, 127.2, 126.4, 104.3, 92.6, 82.2, 59.7, 27.7, 23.3. δ E isomer: 191.4, 
148.4, 139.0, 135.2, 134.1, 132.2, 130.1, 129.5, 129.3, 128.8, 127.3, 126.7, 100.8, 
92.2, 82.2, 56.0, 31.1, 23.5. HRMS (ESI+) m/z calc. for C20H19O2 [M+H]+: 291.1380. 
Found: 291.1369. 
 
1-Methoxy-2-(3-(2-(3-methoxyallyl)phenyl)prop-1-yn-1-yl)benzene (119f). 
General procedure from 130a and 2-iodoanisole. Purification: 
cyclohexane:EtOAc:NEt3 90:10:1. Yellow oil (Z:E = 3:1, 49.6 mg, yield = 86%). 
1H NMR (500 MHz, CDCl3) δ 7.70 – 7.65 (m, 1H, Z), 7.65 – 7.62 (m, 0.3H, E), 7.46 
(dd, J = 7.5, 1.7 Hz, 1H, Z), 7.42 (dd, J = 10.0, 1.6 Hz, 0.3H, E), 7.32 – 7.21 (m, 
5.2H), 6.95 – 6.88 (m, 2.6H), 6.41 (dt, J = 12.7, 1.4 Hz, 0.3H, E), 6.03 (dt, J = 6.1, 1.6 
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Hz, 1H, Z), 4.92 (dt, J = 12.6, 7.1 Hz, 0.3H, E), 4.53 (td, J = 7.3, 6.1 Hz, 1H, Z), 3.93 
(s, 2H, Z), 3.92 (s, 3H, Z), 3.92 (s, 1.6H, Z+E), 3.68 (s, 3H, Z), 3.55 (s, 1H, E), 3.51 
(dd, J = 7.3, 1.5 Hz, 2H, Z), 3.41 (dd, J = 7.1, 1.3 Hz, 1H, E). 13C NMR (126 MHz, 
CDCl3) δ Z isomer: 160.0, 146.7, 139.1, 134.9, 133.6, 129.1, 128.9, 128.6, 126.8, 
126.3, 120.4, 110.6, 104.5, 91.9, 79.3, 59.7, 55.8, 27.6, 23.5 (one peak missing due to 
overlapping). δ E isomer: 160.0, 148.3, 139.0, 134.8, 133.6, 129.2, 129.0, 128.8, 
127.0, 126.5, 113.0, 112.9, 110.6, 100.9, 91.5, 79.3, 59.7, 56.0, 31.1, 23.8. HRMS 
(ESI+) m/z calc. for C20H21O2 [M+H]+: 293.1536. Found: 293.1530. 
 
1-(3-Methoxyallyl)-2-(3-(4-methoxyphenyl)prop-2-yn-1-yl)benzene (119g). 
General procedure from 130a and 4-iodoanisole. Purification: 
cyclohexane:EtOAc:NEt3 90:10:1.Colorless oil (Z:E = 3:1, 49.6 mg, yield = 86%). 
1H NMR (300 MHz, CDCl3) δ 7.61 – 7.50 (m, 1.3H), 7.39 (dd, J = 8.7, 3.7 Hz, 2.7H), 
7.28 – 7.17 (m, 4H), 6.89 – 6.80 (m, 2.7H), 6.39 (dt, J = 12.7, 1.4 Hz, 0.3H, E), 6.02 
(dt, J = 6.1, 1.6 Hz, 1H, Z), 4.91 (dt, J = 12.6, 7.0 Hz, 0.3H, E), 4.52 (td, J = 7.3, 6.1 
Hz, 1H, Z), 3.82 (s, 6.5H), 3.67 (s, 3H, Z), 3.53 (s, 1H, E), 3.50 (dd, J = 7.4, 1.6 Hz, 
2H, Z), 3.38 (dd, J = 7.0, 1.3 Hz, 1H, E). 13C NMR (126 MHz, CDCl3) δ Z isomer: 
159.2, 146.7, 139.2, 135.0, 133.0, 129.0, 128.6, 126.9, 126.3, 116.1, 113.8, 104.5, 
86.1, 82.6, 59.7, 55.3, 27.6, 23.2. δ E isomer: 159.2, 148.3, 139.0, 134.9, 133.0, 129.1, 
128.8, 127.0, 126.5, 115.9, 113.8, 100.9, 85.8, 82.7, 56.0, 55.3, 31.1, 23.4. HRMS 
(ESI+) m/z calc. for C20H20NaO2 [M+Na]+: 315.1356. Found: 315.1354. 
 
1-(3-(4-Fluorophenyl)prop-2-yn-1-yl)-2-(3-methoxyallyl)benzene (119h). General 
procedure from 130a and 1-fluor-4-iodobenzene. Purification: 
cyclohexane:EtOAc:NEt3 97:3:1. Colorless oil (Z:E = 3:1, 55.7 mg, yield = 99%). 
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1H NMR (400 MHz, CDCl3) δ 7.58 – 7.51 (m, 1.3H), 7.47 – 7.41 (m, 2.7H), 7.28 – 
7.22 (m, 4H), 7.06 – 6.98 (m, 2.7H), 6.40 (dt, J = 12.7, 1.4 Hz, 0.3H, E), 6.04 (dt, J = 
6.1, 1.5 Hz, 1H, Z), 4.92 (dt, J = 12.6, 7.0 Hz, 0.3H, E), 4.53 (td, J = 7.4, 6.1 Hz, 1H, 
Z), 3.84 (s, 2H, Z), 3.83 (s, 0.7H, E), 3.69 (s, 3H, Z), 3.55 (s, 1H, E), 3.51 (dd, J = 7.4, 
1.6 Hz, 2H, Z), 3.39 (dd, J = 7.0, 1.3 Hz, 0.7H, E). 19F NMR (376 MHz, CDCl3) δ -
111.99 (E), -112.15 (Z). 13C NMR (101 MHz, CDCl3) δ Z isomer: 162.2 (d, J = 248.4 
Hz), 146.7, 139.2, 134.7, 133.4 (d, J = 8.3 Hz), 129.1, 128.5, 127.0, 126.4, 119.9 (d, J 
= 3.6 Hz), 115.4 (d, J = 22.0 Hz), 104.4, 87.4 (d, J = 1.4 Hz), 81.7, 59.7, 27.6, 23.1. δ 
E isomer: 162.2 (d, J = 248.5 Hz), 148.3, 139.0, 134.6, 133.4 (d, J = 8.3 Hz), 129.2, 
128.8, 127.1, 126.6, 119.8 (d, J = 3.5 Hz), 115.4 (d, J = 22.0 Hz), 100.9, 87.1 (d, J = 
1.1 Hz), 81.8, 56.0, 31.1, 23.4. HRMS (ESI+) m/z calc. for C19H18FO2 [M+H]+: 
281.1336. Found: 281.1330. 
 
1-(3-(4-Bromophenyl)prop-2-yn-1-yl)-2-(3-methoxyallyl)benzene (119i). General 
procedure from 130a and 1-bromo-4-iodobenzene. Purification: 
cyclohexane:EtOAc:NEt3 96:4:1. Colorless oil (Z:E = 3:1, 60.0 mg, yield = 88%). 
1H NMR (400 MHz, CDCl3) δ 7.56 – 7.49 (m, 1.3H), 7.47 – 7.41 (m, 2.7H), 7.35 – 
7.30 (m, 2.7H), 7.27 – 7.22 (m, 4H), 6.39 (dt, J = 12.6, 1.4 Hz, 0.3H, E), 6.03 (dt, J = 
6.1, 1.6 Hz, 1H, Z), 4.91 (dt, J = 12.7, 7.0 Hz, 0.3H, E), 4.52 (td, J = 7.4, 6.1 Hz, 1H, 
Z), 3.83 (s, 2H, Z), 3.82 (s, 0.7H, E), 3.68 (s, 3H, Z), 3.54 (s, 1H, E), 3.50 (dd, J = 7.4, 
1.6 Hz, 2H, Z), 3.38 (dd, J = 7.0, 1.3 Hz, 0.7H, E). 13C NMR (126 MHz, CDCl3) δ Z 
isomer: 146.7, 139.2, 134.5, 133.1, 131.4, 129.1, 128.6, 127.1, 126.4, 122.8, 121.8, 
104.4, 89.1, 81.8, 59.7, 27.6, 23.2. δ E isomer: 148.3, 139.0, 134.4, 133.1, 131.5, 
129.2, 128.8, 127.2, 126.6, 122.7, 121.9, 100.8, 88.8, 81.8, 56.0, 31.1, 23.4. HRMS 
(APCI+) m/z calc. for C19H18BrO [M+H]+: 341.0536. Found: 341.0538. 
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1-(3-(4-Iodophenyl)prop-2-yn-1-yl)-2-(3-methoxyallyl)benzene (119j). General 
procedure from 130a and 1,4-diiodobenzene. Purification: cyclohexane:EtOAc:NEt3 
96:4:1. Colorless oil (Z:E = 3:1, 42.7 mg, yield = 55%). 
1H NMR (300 MHz, CDCl3) δ 7.67 – 7.61 (m, 2.7H), 7.55 – 7.48 (m, 1.3H), 7.26 – 
7.21 (m, 4H), 7.20 – 7.15 (m, 2.7H), 6.38 (dd, J = 12.8, 1.2 Hz, 0.3H, E), 6.02 (dt, J = 
6.1, 1.6 Hz, 1H, Z), 4.90 (dt, J = 12.8, 6.9 Hz, 0.3H, E), 4.51 (td, J = 7.3, 6.1 Hz, 1H, 
Z), 3.82 (s, 2H, Z), 3.81 (s, 0.7H, E), 3.67 (s, 3H, Z), 3.53 (s, 1H, E), 3.49 (dd, J = 7.3, 
1.5 Hz, 2H, Z), 3.37 (dd, J = 7.0, 1.3 Hz, 0.7H, E).236 HRMS (ESI+) m/z calc. for 
C19H18IO [M+H]+: 389.0397. Found: 389.0382. 
 
2-(3-(2-(3-Methoxyallyl)phenyl)prop-1-yn-1-yl)-1,1'-biphenyl (119k). General 
procedure from 130a and 2-iodobiphenyl. Purification: cyclohexane:EtOAc:NEt3 
96:4:1. Colorless oil (Z:E = 3:1, 40.6 mg, yield = 60%). 
NMR spectra show a mixture of rotational isomers of Z and E isomers.237 1H NMR 
(500 MHz, CDCl3) δ 7.62 – 7.56 (m, 4H), 7.41 – 7.35 (m, 6.7H), 7.33 – 7.27 (m, 
2.7H), 7.25 – 7.17 (m, 2.7H), 7.16 – 7.11 (m, 1.3H), 6.44 (d, J = 12.6 Hz, 0.1H), 6.30 
(dt, J = 12.7, 1.4 Hz, 0.3H), 6.04 (dt, J = 6.1, 1.5 Hz, 0.1H), 5.99 (dt, J = 6.1, 1.5 Hz, 
1H), 4.93 (dt, J = 12.6, 7.3 Hz, 0.1H), 4.83 (dt, J = 12.6, 7.0 Hz, 0.3H), 4.60 (td, J = 
7.5, 6.1 Hz, 0.1H), 4.44 (td, J = 7.3, 6.1 Hz, 1H), 3.74 (s, 2.2H), 3.72 (s, 0.7H), 3.67 																																																								
236 This compound partially decomposed to the aldehyde within minutes, and therefore a 
clean 13C NMR spectrum could not be recorded. It was directly submitted to the gold-
catalyzed cyclization after purification. 
237 The mixture could not be resolved by NMR prior to decomposition of the sample, and 
therefore characterization of the mixture is provided. 
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(s, 0.3H), 3.65 (s, 3H), 3.57 (s, 0.3H), 3.52 (s, 1H), 3.39 (dd, J = 7.4, 1.5 Hz, 2.2H), 
3.30 (d, J = 7.4 Hz, 0.2H), 3.23 (dd, J = 7.1, 1.3 Hz, 0.7H). 13C NMR (101 MHz, 
CDCl3) δ 148.2, 148.1, 146.6, 146.3, 143.8, 143.8, 140.8, 139.0, 138.9, 134.6, 134.5, 
133.1, 133.1, 129.4, 129.4, 129.3, 129.2, 129.0, 128.8, 128.8, 128.6, 128.0, 127.9, 
127.9, 127.2, 127.2, 126.9, 126.9, 126.8, 126.4, 126.2, 122.2, 122.1, 104.4, 100.8, 
90.6, 90.2, 82.5, 82.4, 59.6, 55.9, 30.9, 27.5, 23.5, 23.3 (peaks missing due to 
overlapping). HRMS (ESI+) m/z calc. for C25H23O [M+H]+: 339.1743. Found: 
339.1734. 
 
4-Iodo-4'-(3-(2-(3-methoxyallyl)phenyl)prop-1-yn-1-yl)-1,1'-biphenyl (119l). 
General procedure from 130a and 4,4’-diiodobiphenyl. Purification: 
cyclohexane:EtOAc:NEt3 96:4:1. Colorless oil (Z:E = 3:1, 31.1 mg, yield = 46%). 
1H NMR (300 MHz, CDCl3) δ 7.81 – 7.75 (m, 2.7H), 7.62 – 7.46 (m, 6.7H), 7.38 – 
7.30 (m, 2.7H), 7.30 – 7.21 (m, 4H), 6.40 (dt, J = 12.6, 1.4 Hz, 0.3H, E), 6.04 (dt, J = 
6.1, 1.6 Hz, 1H, Z), 4.92 (dt, J = 12.6, 7.0 Hz, 0.3H, E), 4.53 (td, J = 7.3, 6.1 Hz, 1H, 
Z), 3.88 (s, 2H, Z), 3.86 (s, 0.7H, E), 3.69 (s, 3H, Z), 3.55 (s, 1H, E), 3.52 (dd, J = 7.4, 
1.5 Hz, 2H, Z), 3.40 (dd, J = 7.0, 1.3 Hz, 0.7H, E). 13C NMR (75 MHz, CDCl3) δ Z 
isomer: 148.3, 146.8, 140.0, 139.2, 137.9, 134.7, 132.2, 129.1, 128.8, 128.6, 127.0, 
126.6, 126.4, 123.3, 104.4, 93.3, 88.9, 82.6, 59.7, 27.7, 23.3. δ E isomer: 148.3, 146.8, 
139.9, 139.1, 137.9, 134.6, 132.2, 129.2, 128.8, 128.7, 127.2, 126.6, 126.6, 123.2, 
100.8, 93.3, 88.6, 82.6, 56.0, 31.1, 23.5. HRMS (ESI+) m/z calc. for C25H22IO2 
[M+H]+: 465.0710. Found: 465.0707. 
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(4-(3-(2-(3-Methoxyallyl)phenyl)prop-1-yn-1-yl)phenyl)trimethylsilane (119m). 
General procedure from 130a and (4-iodophenyl)trimethylsilane. 238  Purification: 
cyclohexane:EtOAc:NEt3 96:4:1. Colorless oil (Z:E = 3:1, 54.7 mg, yield = 82%). 
1H NMR (500 MHz, CDCl3) δ 7.61 – 7.57 (m, 1H, Z), 7.56 – 7.53 (m, 0.3H, E), 7.51 
– 7.43 (m, 5.3H), 7.28 – 7.22 (m, 4H), 6.40 (dt, J = 12.7, 1.4 Hz, 0.3H, E), 6.04 (dt, J 
= 6.1, 1.5 Hz, 1H, Z), 4.92 (dt, J = 12.7, 7.0 Hz, 0.3H, E), 4.53 (td, J = 7.4, 6.1 Hz, 
1H, Z), 3.87 (s, 2H, Z), 3.86 (s, 0.7H, E), 3.69 (s, 3H, Z), 3.55 (s, 1H, E), 3.51 (dd, J = 
7.3, 1.6 Hz, 2H, Z), 3.40 (dd, J = 7.0, 1.3 Hz, 0.7H, E), 0.29 (s, 12H). 13C NMR (101 
MHz, CDCl3) δ Z isomer: 146.7, 140.3, 139.2, 134.8, 133.1, 130.7, 129.0, 128.6, 
127.0, 126.3, 124.2, 104.5, 88.2, 83.0, 59.7, 27.6, 23.2, -1.2. δ E isomer: 148.3, 140.4, 
139.1, 134.7, 133.1, 130.7, 129.1, 128.8, 127.1, 126.6, 124.0, 100.9, 87.9, 83.1, 56.0, 
31.1, 23.5, -1.2. HRMS (APCI+) m/z calc. for C22H27OSi [M+H]+: 335.1826. Found: 
335.1827. 
 
2-(3-(2-(3-Methoxyallyl)phenyl)prop-1-yn-1-yl)naphthalene (119n). General 
procedure from 130a and 2-iodonaphthalene. Purification: cyclohexane:EtOAc:NEt3 
97:2:1. Colorless oil (Z:E = 3:1, 40.0 mg, yield = 64%).  
1H NMR (500 MHz, CDCl3) δ 7.99 (s, 1H, Z), 7.98 (s, 0.3H, E), 7.85 – 7.77 (m, 
3.9H), 7.64 – 7.61 (m, 1H, Z), 7.61 – 7.57 (m, 0.3H, E), 7.55 – 7.47 (m, 3.9H), 7.30 – 
7.23 (m, 3.9H), 6.42 (dt, J = 12.7, 1.3 Hz, 0.3H, E), 6.05 (dt, J = 6.1, 1.6 Hz, 1H, Z), 
4.95 (dt, J = 12.7, 7.0 Hz, 0.3H, E), 4.56 (td, J = 7.4, 6.1 Hz, 1H, Z), 3.92 (s, 2H, Z), 
3.90 (s, 0.7H, E), 3.70 (s, 3H, Z), 3.55 (s, 0.9H, E), 3.54 (dd, J = 7.4, 1.3 Hz, 2H, Z), 
3.43 (dd, J = 7.0, 1.4 Hz, 0.7H, E). 13C NMR (126 MHz, CDCl3) δ Z isomer: 146.7, 																																																								
238 Prepared according to: Doszczak, L.; Kraft, P.; Weber, H.-P.; Bertermann, R.; Triller, 
A.; Hatt, H.; Tacke, R. Angew. Chem. Int. Ed. 2007, 46, 3367–3371. 
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139.2, 134.8, 133.0, 132.6, 131.2, 129.1, 128.7, 128.6, 127.8, 127.7, 127.6, 127.0, 
126.4, 126.4, 126.3, 121.2, 104.5, 88.2, 83.2, 59.7, 27.7, 23.3. δ E isomer: 148.3, 
139.1, 134.7, 133.0, 132.6, 131.2, 129.2, 128.9, 128.6, 127.9, 127.7, 127.6, 127.1, 
126.6, 126.4, 126.4, 121.1, 100.9, 87.8, 83.2, 56.0, 31.1, 23.6. HRMS (ESI+) m/z calc. 
for C23H21O [M+H]+: 313.1587. Found: 313.1576. 
 
9-(3-(2-(3-Methoxyallyl)phenyl)prop-1-yn-1-yl)phenanthrene (119o). General 
procedure from 130a and 9-iodophenanthrene. Purification: cyclohexane:EtOAc:NEt3 
96:3:1. Yellow oil (Z:E = 3:1, 39.0 mg, yield = 54%).  
1H NMR (500 MHz, CDCl3) δ 8.74 – 8.70 (m, 1.3H), 8.68 (d, J = 8.2 Hz, 1.3H), 8.55 
– 8.52 (m, 1H, Z), 8.52 – 8.49 (m, 0.3H, E), 8.04 (s, 1H, Z), 8.03 (s, 0.3H, E), 7.90 – 
7.84 (m, 1.3H), 7.75 – 7.66 (m, 5.2H), 7.66 – 7.59 (m, 1.3H), 7.34 – 7.28 (m, 3.9H), 
6.46 (dt, J = 12.7, 1.4 Hz, 0.3H, E), 6.08 (dt, J = 6.1, 1.5 Hz, 1H, Z), 4.98 (dt, J = 
12.6, 7.0 Hz, 0.3H, E), 4.59 (td, J = 7.3, 6.1 Hz, 1H, Z), 4.07 (s, 2H, Z), 4.06 (s, 0.7H, 
E), 3.71 (s, 3H, Z), 3.62 (dd, J = 7.4, 1.5 Hz, 2H, Z), 3.55 (s, 0.9H, E), 3.49 (dd, J = 
7.0, 1.4 Hz, 0.7H, E). 13C NMR (126 MHz, CDCl3) δ Z isomer: 146.8, 139.3, 134.9, 
131.5, 131.4, 130.1, 130.1, 129.2, 128.7, 128.4, 127.2, 127.1, 127.1, 127.0, 127.0, 
126.9, 126.9, 126.5, 122.7, 122.6, 120.3, 104.5, 92.4, 81.1, 59.8, 27.8, 23.6. δ E 
isomer: 148.4, 139.1, 134.7, 131.6, 131.3, 130.1, 129.3, 128.9, 128.4, 127.2, 127.2, 
127.1, 127.0, 127.0, 126.9, 126.7, 122.7, 122.6, 120.1, 100.9, 92.1, 81.2, 56.0, 31.2, 
23.8 (2 peaks missing due to overlapping). HRMS (ESI+) m/z calc. for C27H23O 
[M+H]+: 363.1743. Found: 363.1729. 
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1-(3-(2-(3-methoxyallyl)phenyl)prop-1-yn-1-yl)pyrene (119p). General procedure 
from 130a and 1-iodopyrene. Purification: cyclohexane:EtOAc:NEt3 96:3:1. Yellow 
oil (Z:E = 3:1, 19.6 mg, corrected yield = 49%).239  
1H NMR (300 MHz, CDCl3) δ 8.66 – 8.56 (m, 1.3H), 8.26 – 7.98 (m, 9.3H), 7.81 – 
7.67 (m, 1.3H), 7.35 – 7.29 (m, 4H), 7.25 – 7.18 (m, 1.3H), 6.46 (dd, J = 12.7, 1.5 Hz, 
0.3H, E), 6.08 (dt, J = 6.1, 1.5 Hz, 1H, Z), 4.99 (dt, J = 12.6, 7.0 Hz, 0.3H, E), 4.60 
(td, J = 7.3, 6.1 Hz, 1H, Z), 4.11 (s, 2H, Z), 4.10 (s, 0.7H, E), 3.71 (s, 3H, Z), 3.62 (dd, 
J = 7.1, 1.3 Hz, 2H, Z), 3.54 (d, J = 3.2 Hz, 1H, E), 3.51 (dd, J = 7.0, 1.3 Hz, 0.7H, 
E). 13C NMR (101 MHz, CDCl3) δ 148.4, 146.8, 139.3, 139.1, 134.9, 134.8, 132.0, 
132.0, 131.3, 131.1, 131.1, 130.9, 130.8, 129.7, 129.7, 129.3, 129.2, 129.1, 128.9, 
128.7, 128.7, 128.1, 128.1, 127.9, 127.8, 127.3, 127.2, 127.2, 127.1, 126.7, 126.5, 
126.4, 126.2, 126.1, 125.7, 125.6, 125.4, 125.4, 125.4, 125.3, 124.5, 124.4, 124.4, 
118.6, 118.4, 104.5, 100.9, 93.6, 93.3, 82.0, 81.9, 59.7, 56.0, 31.2, 27.8, 23.9, 23.7 
(two peaks missing due to overlapping). HRMS (ESI+) m/z calc. for C29H22NaO 
[M+Na]+: 409.1563. Found: 409.1550. 
 
2-(3-(2-(3-Methoxyallyl)phenyl)prop-1-yn-1-yl)thiophene (119q). General 
procedure from 130a and 2-iodothiophene. Purification: cyclohexane:EtOAc:NEt3 
97:3:1. Colorless oil (Z:E = 3:1, 51.0 mg, yield = 95%). 
1H NMR (500 MHz, CDCl3) δ 7.55 – 7.52 (m, 1H, Z), 7.51 – 7.48 (m, 0.3H, E), 7.27 
– 7.21 (m, 5.3H), 7.20 – 7.18 (m, 1.3H), 6.99 – 6.95 (m, 1.3H), 6.39 (dt, J = 12.7, 1.4 
Hz, 0.3H, E), 6.03 (dt, J = 6.1, 1.6 Hz, 1H, Z), 4.92 (dt, J = 12.6, 6.9 Hz, 0.3H, E), 																																																								
239 Isolated together with 10% of an inseparable byproduct that results from the 
homocoupling of 130a. 
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4.52 (td, J = 7.4, 6.1 Hz, 1H, Z), 3.87 (s, 2H, Z), 3.86 (s, 0.7H, E), 3.69 (s, 3H, Z), 
3.55 (s, 1H, E), 3.49 (dd, J = 7.4, 1.5 Hz, 2H, Z), 3.38 (dd, J = 7.0, 1.4 Hz, 0.7H, E). 
13C NMR (101 MHz, CDCl3) δ Z isomer: 146.7, 139.2, 134.4, 131.2, 129.1, 128.6, 
127.1, 126.8, 126.4, 126.1, 124.0, 104.4, 91.8, 75.9, 59.7, 27.7, 23.4. δ E isomer: 
148.3, 139.1, 134.3, 131.3, 129.2, 128.9, 127.2, 126.8, 126.6, 126.3, 123.8, 100.8, 
91.5, 76.0, 56.0, 31.1, 23.7. HRMS (ESI+) m/z calc. for C17H17OS [M+H]+: 269.0995. 
Found: 269.1006. 
 
2-(3-(2-(3-Methoxyallyl)phenyl)prop-1-yn-1-yl)benzo[b]thiophene (119r). General 
procedure from 130a and 2-iodobenzothiophene.240 Reaction time: 12 h. Purification: 
cyclohexane:EtOAc:NEt3 96:4:1. Colorless oil (Z:E = 3:1, 40.1 mg, yield = 63%). 
1H NMR (300 MHz, CDCl3) δ 7.80 – 7.70 (m, 2.7H), 7.58 – 7.49 (m, 1.3H), 7.41 (s, 
1.3H), 7.39 – 7.33 (m, 2.7H), 7.30 – 7.22 (m, 4H), 6.40 (dd, J = 12.7, 1.4 Hz, 0.3H, 
E), 6.04 (dt, J = 6.1, 1.5 Hz, 1H, Z), 4.92 (dt, J = 12.6, 7.0 Hz, 0.3H, E), 4.52 (td, J = 
7.3, 6.1 Hz, 1H, Z), 3.91 (s, 2H, Z), 3.90 (s, 0.7H, E), 3.68 (s, 3H, Z), 3.55 (s, 1H, E), 
3.51 (dd, J = 7.4, 1.5 Hz, 2H, Z), 3.39 (dd, J = 7.0, 1.3 Hz, 0.7H, E). 13C NMR (101 
MHz, CDCl3) δ Z isomer: 146.8, 139.9, 139.3, 139.1, 139.1, 134.1, 129.2, 128.7, 
128.0, 126.4, 125.1, 124.6, 123.6, 121.9, 104.4, 94.0, 76.3, 59.7, 27.7, 23.5 (one peak 
missing due to overlapping). δ E isomer: 148.4, 139.9, 139.3, 139.1, 139.1, 134.0, 
129.3, 128.9, 128.1, 127.3, 126.7, 125.2, 124.6, 123.9, 123.6, 100.8, 93.7, 76.4, 56.0, 
31.2, 23.8. HRMS (ESI+) m/z calc. for C21H18NaOS [M+Na]+: 341.0971. Found: 
341.0966. 
 
																																																								
240 Prepared according to: Nicolas, Y.; Blanchard, P.; Levillain, E.; Allain, M.; Mercier, 
N.; Roncali, J. Org. Lett. 2004, 6, 273–276. 
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2-(3-Methoxyallyl)-1-(3-(naphthalen-2-yl)prop-2-yn-1-yl)naphthalene (119s). 
General procedure from 130b and 2-iodonaphthalene. Purification: 
cyclohexane:EtOAc:NEt3 95:5:1. Colorless oil (Z:E = 2:1, 58.0 mg, yield = 80%). 
1H NMR (500 MHz, CDCl3) δ 8.34 – 8.27 (m, 1.5H), 7.89 – 7.84 (m, 3H), 7.81 – 7.70 
(m, 6H), 7.64 – 7.58 (m, 1.5H), 7.53 – 7.39 (m, 7.5H), 6.44 (dt, J = 12.7, 1.4 Hz, 
0.5H, E), 6.06 (dt, J = 6.1, 1.6 Hz, 1H, Z), 5.06 (dt, J = 13.0, 6.8 Hz, 0.5H, E), 4.66 
(td, J = 7.3, 6.1 Hz, 1H, Z), 4.29 (s, 2H, Z), 4.27 (s, 1H, E), 3.78 (dd, J = 7.4, 1.5 Hz, 
2H, Z), 3.74 (s, 3H, Z), 3.65 (dd, J = 6.8, 1.4 Hz, 1H, E), 3.52 (s, 1.5H, E). 13C NMR 
(101 MHz, CDCl3) δ 148.3, 146.4, 137.2, 136.6, 133.0, 133.0, 132.8, 132.5, 132.5, 
132.3, 132.2, 131.2, 131.1, 130.1, 130.0, 128.8, 128.7, 128.5, 128.5, 128.3, 128.3, 
127.7, 127.7, 127.7, 127.6, 127.6, 127.5, 127.5, 126.4, 126.3, 126.3, 126.3, 126.2, 
125.1, 124.9, 124.2, 124.1, 121.3, 121.1, 105.1, 101.6, 88.7, 88.3, 81.6, 81.4, 59.8, 
56.0, 32.4, 28.9, 19.0, 19.0 (3 peaks missing due to overlapping). HRMS (ESI+) m/z 
calc. for C27H23O [M+H]+: 363.1743. Found: 363.1744. 
 
2-(3-Methoxyallyl)-3-(3-phenylprop-2-yn-1-yl)naphthalene (119t). General 
procedure from 130c and iodobenzene. Purification: cyclohexane:EtOAc:NEt3 95:5:1. 
Colorless oil (Z:E = 2:1, 53.0 mg, yield = 88%). 
1H NMR (300 MHz, CDCl3) δ 8.05 (s, 1H, Z), 8.01 (s, 0.5H, E), 7.88 – 7.77 (m, 3H), 
7.74 – 7.68 (m, 1.5H), 7.57 – 7.40 (m, 6H), 7.39 – 7.30 (m, 4.5H), 6.44 (dt, J = 12.7, 
1.4 Hz, 0.5H, E), 6.10 (dt, J = 6.1, 1.5 Hz, 1H, Z), 5.07 – 4.95 (m, 0.5H, E), 4.61 (td, J 
= 7.3, 6.1 Hz, 1H, Z), 4.01 (s, 2H, Z), 4.01 (s, 1H, E), 3.71 (s, 3H, Z), 3.67 (d, J = 7.3 
Hz, 2H, Z), 3.58 (s, 1.5H, E), 3.56 (d, J = 7.3 Hz, 1H, E). 13C NMR (101 MHz, 
CDCl3) δ Z isomer: 147.0, 137.5, 133.6, 132.8, 132.3, 131.7, 128.2, 127.4, 127.2, 
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127.1, 127.1, 125.5, 125.3, 123.9, 104.4, 87.6, 83.4, 59.7, 27.8, 23.6 (one peak 
missing due to overlapping). δ E isomer: 148.6, 137.4, 133.4, 132.8, 132.4, 131.7, 
128.3, 127.9, 127.5, 127.4, 127.1, 125.7, 125.5, 123.7, 101.0, 87.3, 83.4, 56.1, 31.2, 
23.8 (one peak missing due to overlapping). HRMS (APCI+) m/z calc. for C23H21O 
[M+H]+: 313.1587. Found: 313.1587. 
 
(2-(3-(2-(3-Methoxyallyl)phenyl)prop-1-yn-1-yl)naphthalen-1-yl)trimethylsilane 
(119u). General procedure from 1-(trimethylsilyl)-2-naphthyl 
trifluoromethanesulfonate and 130a. Temperature: 60 ºC, reaction time: 24 h. 
Purification: pentane:EtOAc:NEt3 95:4:1. Colorless oil (41.5 mg, 0.108 mmol, yield = 
54%).  
1H NMR (300 MHz, CDCl3) δ 8.30 – 8.22 (m, 1.3H), 7.85 – 7.72 (m, 2.7H), 7.63 – 
7.51 (m, 2.7H), 7.50 – 7.42 (m, 2.7H), 7.29 – 7.21 (m, 4H), 6.41 (dt, J = 12.6, 1.5 Hz, 
0.3H, E), 6.04 (dt, J = 6.2, 1.5 Hz, 1H, Z), 4.94 (dt, J = 12.6, 7.0 Hz, 0.3H, E), 4.55 
(td, J = 7.4, 6.2 Hz, 1H, Z), 3.91 (s, 2H, Z), 3.89 (s, 0.7H, E), 3.69 (s, 3H, Z), 3.54 (s, 
1H, E), 3.54 (dd, J = 7.1, 1.4 Hz, 2H, Z), 3.42 (dd, J = 7.0, 1.3 Hz, 0.7H. E), 0.59 (s, 
9H, Z), 0.58 (s, 3H, E). 13C NMR (101 MHz, CDCl3) δ Z isomer: 146.7, 139.6, 139.2, 
137.2, 134.6, 132.5, 130.9, 129.2, 129.1, 128.9, 128.9, 128.3, 128.3, 127.0, 126.4, 
125.7, 125.5, 104.5, 92.4, 85.9, 59.7, 27.7, 23.6, 3.0. δ E isomer: 148.3, 139.7, 139.1, 
137.2, 134.5, 132.5, 130.9, 129.2, 129.1, 128.6, 127.1, 126.6, 125.7, 125.6, 100.9, 
92.0, 85.9, 56.0, 31.1, 23.9, 3.0 (3 peaks missing due to overlapping). HRMS (ESI+) 
m/z calc. for C26H29OSi [M+H]+: 385.1982. Found: 385.1976. 
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4,4'-Bis(3-(2-(3-methoxyallyl)phenyl)prop-1-yn-1-yl)-1,1'-biphenyl (138a). 
General procedure from 4,4’-diiodobiphenyl (0.2 mmol) using 2.5 equivalents of 
130a. Reaction time: 4 h. Purification: cyclohexane:EtOAc:NEt3 95:4:1. Colorless oil 
(97.2 mg, yield = 93%). 3 isomers formed (E-E, E-Z, Z-Z, calculated ratio 0.3:1.3:1). 
1H NMR (400 MHz, CDCl3) δ 7.62 – 7.58 (m, 2H), 7.58 – 7.51 (m, 11H), 7.31 – 7.21 
(m, 7.8H), 6.42 (dt, J = 12.7, 1.4 Hz, 0.6H), 6.05 (dt, J = 6.1, 1.5 Hz, 2H), 4.94 (dt, J 
= 12.6, 7.0 Hz, 0.6H), 4.55 (td, J = 7.3, 6.1 Hz, 2H), 3.89 (s, 4H), 3.88 (s, 1.4H), 3.70 
(s, 6H), 3.56 (s, 1.8H), 3.53 (dd, J = 7.4, 1.5 Hz, 4H), 3.41 (dd, J = 7.0, 1.4 Hz, 1.4H). 
13C NMR (101 MHz, CDCl3) δ 148.3, 146.7, 139.8, 139.7, 139.6, 139.2, 139.1, 134.7, 
134.6, 132.1, 132.1, 129.2, 129.1, 128.9, 128.6, 127.1, 127.0, 126.8, 126.7, 126.6, 
126.4, 123.1, 123.1, 122.9, 104.5, 100.9, 88.8, 88.7, 88.4, 82.7, 82.7, 59.7, 56.0, 31.1, 
27.7, 23.5, 23.3 (peaks missing due to overlapping). HRMS (ESI+) m/z calc. for 
C38H35O2 [M+H]+: 523.2632. Found: 523.2620. 
 
4,4''-Bis(3-(2-(3-methoxyallyl)phenyl)prop-1-yn-1-yl)-5'-(4-(3-(2-(3-
methoxyallyl)phenyl)prop-1-yn-1-yl)phenyl)-1,1':3',1''-terphenyl (138b). General 
procedure from 1,3,5-tris(4-iodophenyl)benzene (0.3 mmol) using 4 equivalents of 
130a. Temperature: 40 ºC, reaction time: 4 h. Purification: cyclohexane:EtOAc:NEt3 
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80:20:1. Colorless oil (112.1 mg, yield = 42%). 4 isomers formed (E-E-E, E-E-Z, E-
Z-Z, Z-Z-Z, calculated ratio 0.3:1.6:2.3:1). 
1H NMR (300 MHz, CDCl3) δ 7.78 (s, 3.9H), 7.70 – 7.63 (m, 8.1H), 7.62 – 7.54 (m, 
12H), 7.31 – 7.22 (m, 12H), 6.42 (d, J = 12.6 Hz, 1H), 6.05 (dt, J = 6.2, 1.5 Hz, 3H), 
4.94 (dt, J = 12.5, 7.0 Hz, 1H), 4.54 (td, J = 7.4, 6.2 Hz, 3H), 3.89 (s, 6H), 3.88 (s, 
2.1H), 3.69 (s, 9H), 3.56 (s, 3H), 3.53 (dd, J = 7.3, 1.5 Hz, 6H), 3.41 (dd, J = 7.0, 1.3 
Hz, 2.1H). 13C NMR (75 MHz, CDCl3) δ 148.3, 146.8, 141.8, 141.8, 140.2, 140.1, 
139.2, 139.1, 134.7, 134.6, 132.2, 129.2, 129.1, 128.9, 128.6, 127.2, 127.1, 127.1, 
127.0, 126.6, 126.4, 125.0, 123.3, 123.1, 104.5, 100.9, 88.8, 88.5, 82.7, 82.6, 59.7, 
56.0, 31.1, 27.7, 23.5, 23.3 (peaks missing due to overlapping). HRMS (MALDI+) 
m/z calc. for C63H54O3 [M+H]+: 858.4073. Found: 858.4066. 
 
2,5-Bis(3-(2-(3-methoxyallyl)phenyl)prop-1-yn-1-yl)thiophene (138c). General 
procedure from 2,5-diiodothiophene (0.2 mmol) using 2.5 equivalents of 130a. 
Temperature: 50 ºC, reaction time: 4 h. Purification: cyclohexane:EtOAc:NEt3 
90:10:1. Yellow oil (67.8mg, yield = 75%). 3 isomers formed (E-E, E-Z, Z-Z, 
calculated ratio 0.3:1.3:1). 
1H NMR (300 MHz, CDCl3) δ 7.54 – 7.43 (m, 2.7H), 7.23 (ddd, J = 5.7, 4.2, 2.9 Hz, 
8.0H), 7.03 – 6.96 (m, 2.7H), 6.42 – 6.32 (m, 0.7H), 6.05 – 5.98 (m, 2H), 4.90 (dt, J = 
13.1, 7.0 Hz, 0.7H), 4.55 – 4.42 (m, 2H), 3.88 – 3.82 (m, 4.3H), 3.72 – 3.69 (m, 
0.9H), 3.69 – 3.65 (m, 6.0H), 3.56 – 3.52 (m, 2.1H), 3.48 (dd, J = 7.4, 1.5 Hz, 3H), 
3.42 (d, J = 7.3 Hz, 0.9H), 3.36 (dd, J = 7.1, 1.3 Hz, 1.1H), 3.32 (d, J = 7.0 Hz, 0.4H). 
13C NMR (75 MHz, CDCl3) δ 148.3, 146.7, 146.7, 139.2, 139.1, 139.1, 134.2, 134.2, 
134.1, 131.1, 131.0, 129.3, 129.2, 129.1, 128.9, 128.7, 128.6, 127.3, 127.2, 127.1, 
126.6, 126.4, 124.4, 124.3, 124.1, 104.4, 104.3, 100.8, 92.5, 92.4, 92.1, 75.8, 75.7, 
75.7, 59.7, 56.0, 31.1, 27.7, 23.7, 23.5, 23.0 (peaks missing due to overlapping). 
HRMS (ESI+) m/z calc. for C30H29O2S [M+H]+: 453.1883. Found: 453.1876. 
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(2,5-Bis(3-(2-(3-methoxyallyl)phenyl)prop-1-yn-1-yl)-1,4-
phenylene)bis(trimethylsilane) (138d). General procedure from (2,5-diiodo-1,4-
phenylene)bis(trimethylsilane) 241  (0.2 mmol) using 2.5 equivalents of 130a. 
Temperature: 40 ºC, reaction time: 4 h. Purification: pentane:EtOAc:NEt3 95:4:1. 
Colorless oil (112.1 mg, 0.189 mmol, yield = 95%). 3 isomers formed (E-E, E-Z, Z-Z, 
calculated ratio 0.3:1.3:1). 
1H NMR (500 MHz, CDCl3) δ 7.91 (s, 10.7H), 7.58 – 7.45 (m, 84.7H), 7.27 – 7.20 
(m, 7.8H), 6.38 (dt, J = 12.7, 1.5 Hz, 0.7H), 6.03 (dt, J = 6.1, 1.6 Hz, 2H), 4.96 – 4.86 
(m, 0.7H), 4.57 – 4.46 (m, 2H), 3.90 – 3.83 (m, 5.2H), 3.68 (s, 6H), 3.54 (d, J = 1.4 
Hz, 2H), 3.51 (dd, J = 7.4, 1.6 Hz, 4H), 3.41 – 3.38 (m, 1.3H), 0.34 – 0.27 (m, 
23.4H). 13C NMR (126 MHz, CDCl3) δ 148.3, 146.7, 146.7, 145.9, 145.6, 144.8, 
142.4, 142.4, 140.1, 139.2, 139.2, 139.0, 137.8, 134.5, 134.5, 134.4, 134.3, 129.2, 
129.1, 129.1, 129.1, 129.0, 128.9, 128.9, 128.4, 127.9, 127.5, 127.4, 127.2, 127.2, 
127.1, 127.1, 127.0, 126.5, 126.5, 126.4, 126.3, 104.5, 104.5, 100.9, 91.9, 91.8, 91.4, 
84.4, 83.7, 70.6, 59.7, 56.0, 31.1, 27.7, 27.6, 23.6, 23.4, 23.4, 22.1, -0.6, -1.2, -1.4 
(peaks missing due to overlapping).  
 
(2,5-Bis(3-(2-(3-methoxyallyl)phenyl)prop-1-yn-1-yl)-1,4-
phenylene)bis(trimethylsilane) (138d’). General procedure from 1,4-diiodobenzene 
(0.3 mmol) using 2.5 equivalents of 130a. Temperature: 40 ºC, reaction time: 4 h. 
Purification: cyclohexane:EtOAc:NEt3 95:4:1. Colorless oil (112.1 mg, yield = 88%). 
3 isomers formed (E-E, E-Z, Z-Z, calculated ratio 0.3:1.3:1). 																																																								
241 Prepared according to: Lulinski, S.; Serwatowski, J. J. Org. Chem. 2003, 68, 9384–
9388. 
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1H NMR (400 MHz, CDCl3) δ 7.59 – 7.50 (m, 2.7H), 7.41 – 7.36 (m, 5.3H), 7.27 – 
7.21 (m, 6.1H), 6.40 (dt, J = 12.8, 1.3 Hz, 0.7H), 6.03 (dt, J = 6.1, 1.5 Hz, 2H), 4.92 
(dt, J = 12.7, 7.0 Hz, 0.7H), 4.53 (td, J = 7.4, 6.2 Hz, 2H), 3.86 (s, 4H), 3.85 (s, 1.4H), 
3.68 (s, 6H), 3.54 (s, 2H), 3.51 (dd, J = 7.4, 1.5 Hz, 4H), 3.39 (dd, J = 7.0, 1.4 Hz, 
1.4H). 13C NMR (75 MHz, CDCl3) δ 148.3, 146.7, 139.2, 139.1, 134.6, 134.5, 131.5, 
131.4, 131.4, 129.3, 129.2, 129.1, 129.0, 128.8, 128.6, 127.4, 127.2, 127.2, 127.0, 
126.6, 126.4, 126.4, 123.3, 123.2, 123.0, 104.4, 100.8, 89.4, 89.4, 89.1, 82.7, 82.6, 
82.6, 59.7, 56.0, 31.1, 27.6, 23.8, 23.5, 23.3 (peaks missing due to overlapping). 
HRMS (ESI+) m/z calc. for C32H30NaO2 [M+H]+: 469.2138. Found: 469.2135. 
 
1,4-Bis(3-(2-(3-methoxyallyl)naphthalen-1-yl)prop-1-yn-1-yl)benzene (138e). 
General procedure from 1,4-diiodobenzene (0.2 mmol) using 2.5 equivalents of 130b. 
Temperature: 50 ºC, reaction time: 4 h. Purification: cyclohexane:EtOAc:NEt3 
90:10:1. Yellow oil (44.8 mg, yield = 41%). 3 isomers formed (E-E, E-Z, Z-Z, 
calculated ratio 0.5:1.5:1). 
1H NMR (300 MHz, CDCl3) δ 8.26 – 8.19 (m, 1.4H), 8.11 – 8.01 (m, 2H), 7.90 – 7.66 
(m, 6.2H), 7.64 – 7.30 (m, 10H), 7.21 (s, 2.6H), 6.41 (dt, J = 12.7, 1.5 Hz, 0.5H), 6.34 
(dt, J = 12.6, 1.5 Hz, 0.6H), 6.02 (dt, J = 6.1, 1.6 Hz, 0.9H), 5.98 (dt, J = 6.1, 1.6 Hz, 
1.1H), 5.08 – 4.87 (m, 1.1H), 4.61 (td, J = 7.4, 6.1 Hz, 0.9H), 4.53 (tdd, J = 7.6, 6.2, 
1.7 Hz, 1.1H), 4.24 – 4.12 (m, 3H), 4.04 – 3.97 (m, 3.4H), 3.73 (dd, J = 7.5, 1.6 Hz, 
1.6H), 3.71 (s, 2.6H), 3.67 (s, 3.4H), 3.65 – 3.57 (m, 3.3H), 3.53 – 3.46 (m, 2.5H), 
3.46 – 3.42 (m, 2.1H). 13C NMR (101 MHz, CDCl3) δ 148.3, 148.2, 146.4, 137.3, 
137.2, 136.7, 136.6, 136.6, 132.8, 132.7, 132.6, 132.2, 132.2, 132.1, 132.1, 132.0, 
132.0, 131.3, 131.3, 129.9, 129.9, 129.9, 128.8, 128.7, 128.5, 128.5, 128.5, 128.5, 
128.4, 128.4, 128.3, 128.2, 128.1, 127.8, 127.8, 127.7, 127.7, 127.6, 127.5, 126.5, 
126.4, 126.2, 125.1, 125.1, 124.9, 124.9, 124.1, 124.0, 123.9, 123.8, 123.8, 123.7, 
123.2, 123.1, 122.9, 105.0, 104.8, 104.8, 101.5, 101.3, 101.3, 89.8, 89.8, 89.5, 89.4, 
81.1, 81.1, 80.9, 80.9, 75.9, 75.7, 75.6, 75.4, 66.3, 66.2, 66.1, 65.9, 60.4, 59.7, 56.0, 
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55.9, 32.3, 32.3, 32.3, 29.7, 28.8, 19.0, 18.9, 18.6, 18.6, 18.6, 18.5 (peaks missing due 
to overlapping). HRMS (ESI+) m/z calc. for C40H34NaO2 [M+Na]+: 569.2451. Found: 
569.2435. 
 
1,4-Bis(3-(3-(3-methoxyallyl)naphthalen-2-yl)prop-1-yn-1-yl)benzene (138f). 
General procedure from 1,4-diiodobenzene (0.2 mmol) using 2.5 equivalents of 130c. 
Temperature: 50 ºC, reaction time: 4 h. Purification: cyclohexane:EtOAc:NEt3 
90:10:1. Yellow oil (91.8 mg, yield = 84%). 3 isomers formed (E-E, E-Z, Z-Z, 
calculated ratio 0.5:1.5:1). 
1H NMR (500 MHz, CDCl3) δ 8.04 – 7.91 (m, 3.1H), 7.89 – 7.78 (m, 6.4H), 7.74 – 
7.68 (m, 3.3H), 7.51 – 7.41 (m, 11.1H), 6.47 – 6.38 (m, 1H), 6.13 – 6.05 (m, 2H), 
5.06 – 4.95 (m, 1H), 4.65 – 4.52 (m, 2H), 4.04 – 4.00 (m, 4.6H), 3.92 – 3.87 (m, 
1.4H), 3.72 – 3.70 (m, 6H), 3.69 – 3.66 (m, 3.2H), 3.62 – 3.54 (m, 6H), 3.52 – 3.48 
(m, 0.6H). 13C NMR (101 MHz, CDCl3) δ 148.6, 147.0, 147.0, 137.5, 137.4, 133.5, 
133.5, 133.3, 132.8, 132.8, 132.8, 132.6, 132.4, 132.4, 132.3, 131.6, 131.5, 131.5, 
127.6, 127.6, 127.4, 127.4, 127.4, 127.3, 127.2, 127.2, 127.1, 127.1, 127.1, 125.8, 
125.7, 125.7, 125.6, 125.5, 125.4, 125.4, 123.4, 123.3, 123.1, 104.4, 104.3, 104.3, 
100.9, 100.8, 89.4, 89.3, 89.0, 83.1, 83.1, 59.8, 56.1, 31.3, 27.8, 23.9, 23.6, 23.3 
(peaks missing due to overlapping). HRMS (ESI+) m/z calc. for C40H34NaO2 
[M+Na]+: 569.2451. Found: 569.2443. 
5.2.3. Gold(I)-catalyzed synthesis of hydroacenes  
General procedure: To a vial containing a solution of 119 or 138 (0.1 mmol) in 
CH2Cl2 (1 mL) was added cationic gold catalyst [JohnPhosAu(MeCN)]SbF6 A (1.9 
mg, 2.5 mol%). The vial was sealed and the reaction was heated to 40 ºC for 1 h. 
After cooling to room temperature a drop of Et3N was added and then the solvents 
were evaporated under reduced pressure. Unless otherwise stated, purification by 
silica gel preparative TLC or column chromatography afforded dihydroacenes 120 or 
polyhydroacenes 139. 
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5,12-Dihydrotetracene (120a). General procedure from enyne 119a. Purification: 
cyclohexane:CH2Cl2 8:2. White solid (21.8 mg, yield = 95%). 
Melting point = 208-210 ºC 1H NMR (400 MHz, CDCl3) δ 7.78 (dd, J = 6.3, 3.3Hz, 
2H), 7.75 (s, 2H), 7.41 (dd, J = 6.2, 3.2Hz, 2H), 7.34 (dd, J = 5.4, 3.4Hz, 2H), 7.21 
(dd, J = 5.5, 3.3Hz, 2H), 4.09 (s, 4H). 13C NMR (101 MHz, CDCl3) δ 137.1, 135.7, 
132.4, 127.2, 127.2, 126.2, 125.3, 125.2, 36.8. The spectroscopic data were consistent 
with those previously reported.160 Note: This reaction was scaled up to obtain 300 mg 
of 5,12-dihydrotetracene. 
X-ray quality single crystals were obtained by slow evaporation of a solution of 120a 
in CHCl3 at room temperature.  
 
7-Methyl-5,12-dihydrotetracene (120b). General procedure from enyne 119b. 
Purification: cyclohexane:CH2Cl2 8:2. White solid (16.6 mg, yield = 68%). 
Melting point = 108-110 ºC. 1H NMR (500 MHz, CDCl3) δ 7.94 (s, 1H), 7.79 (s, 1H), 
7.69 (d, J = 8.1 Hz, 1H), 7.38 (dt, J = 5.1, 3.5 Hz, 2H), 7.34 (dd, J = 8.1, 7.0 Hz, 1H), 
7.29 (d, J = 5.6 Hz, 1H), 7.25 (dd, J = 5.6, 3.3 Hz, 2H), 4.17 (s, 2H), 4.13 (s, 2H), 
2.73 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 137.2, 137.1, 135.5, 135.3, 133.6, 132.4, 
131.5, 127.3, 127.2, 126.2, 126.2, 126.0, 125.8, 125.7, 125.0, 121.6, 37.2, 36.7, 19.5. 
HRMS (APCI+) m/z calc. for C19H17 [M+H]+: 245.1325. Found: 245.1331. 
 
8-Methyl-5,12-dihydrotetracene (120c). General procedure from enyne 119c. 
Purification: cyclohexane:CH2Cl2 8:2. White solid (13.2 mg, yield = 54%). 
Melting point = 220-222 ºC. 1H NMR (500 MHz, CDCl3) δ 7.74 (s, 1H), 7.72 (d, J = 
8.4 Hz, 1H), 7.70 (s, 1H), 7.58 (d, J = 1.8 Hz, 1H), 7.39 – 7.35 (m, 2H), 7.28 (dd, J = 
	 200	
8.3, 1.7 Hz, 1H), 7.28 – 7.21 (m, 2H), 4.11 (s, 4H), 2.53 (s, 3H). 13C NMR (126 MHz, 
CDCl3) δ 137.2, 137.2, 135.7, 134.8, 134.7, 132.6, 130.6, 127.6, 127.2, 127.2, 127.0, 
126.2, 126.2, 126.2, 124.9, 124.6, 36.9, 36.8, 21.7. HRMS (APCI+) m/z calc. for 
C19H17 [M+H]+: 245.1325. Found: 245.1318. 
 
1-(6,11-Dihydrotetracen-2-yl)ethan-1-one (120d). General procedure from enyne 
119d. Purification: cyclohexane:CH2Cl2 7:3. White solid (16.1 mg, yield = 59%). 
Melting point = 189-191 ºC. 1H NMR (500 MHz, CDCl3) δ 8.45 (s, 1H), 8.00 (dd, J = 
8.6, 1.8 Hz, 1H), 7.90 (s, 1H), 7.86 (d, J = 8.6 Hz, 1H), 7.82 (s, 1H), 7.42 – 7.34 (m, 
2H), 7.30 – 7.22 (m, 2H), 4.14 (s, 4H), 2.74 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 
198.2, 138.9, 136.9, 136.6, 136.5, 134.6, 134.1, 131.4, 129.6, 127.7, 127.3, 127.3, 
126.8, 126.5, 126.5, 125.2, 123.5, 37.0, 36.7, 26.7. HRMS (ESI+) m/z calc. for 
C20H17O [M+H]+: 273.1274. Found: 273.1276. 
 
6,11-Dihydrotetracene-2-carbaldehyde (120e). General procedure from enyne 119e. 
Purification: cyclohexane:CH2Cl2 1:1. White solid (18.3 mg, yield = 71%). 
Melting point = 199-201 ºC. 1H NMR (300 MHz, CDCl3) δ 10.15 (s, 1H), 8.30 (d, J = 
1.4 Hz, 1H), 7.94 – 7.86 (m, 3H), 7.83 (s, 1H), 7.45 – 7.31 (m, 2H), 7.30 – 7.22 (m, 
2H), 4.14 (s, 4H). 13C NMR (75 MHz, CDCl3) δ 192.3, 139.7, 137.3, 136.5, 136.3, 
135.4, 134.0, 133.8, 131.5, 128.4, 127.3, 126.8, 126.5, 125.5, 122.4, 37.0, 36.7 (two 
peaks missing due to overlapping). HRMS (ESI+) m/z calc. for C19H14NaO [M+Na]+: 
281.0937. Found: 281.0938. 
X-ray quality single crystals were obtained by slow evaporation of a solution of 120e 
in CHCl3 at room temperature.  
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7-Methoxy-5,12-dihydrotetracene (120f). General procedure from enyne 119f. 
Purification: cyclohexane:CH2Cl2 1:1. White solid (20.0 mg, yield = 77%). 
Melting point = 119-121 ºC. 1H NMR (400 MHz, CDCl3) δ 8.20 (s, 1H), 7.74 (s, 1H), 
7.40 (dt, J = 8.3, 1.0 Hz, 1H), 7.38 – 7.31 (m, 3H), 7.26 – 7.20 (m, 2H), 6.79 (dd, J = 
7.4, 1.1 Hz, 1H), 4.13 (s, 2H), 4.11 (s, 2H), 4.03 (s, 3H). 13C NMR (101 MHz, CDCl3) 
δ 155.1, 137.3, 137.0, 136.2, 135.0, 133.4, 127.3, 127.2, 126.2, 126.2, 125.2, 124.9, 
124.4, 119.7, 119.4, 103.3, 55.5, 37.0, 36.8. HRMS (ESI+) m/z calc. for C19H17O 
[M+H]+: 261.1274. Found: 261.1268. 
 
8-Methoxy-5,12-dihydrotetracene (120g). General procedure from enyne 119g. 
Purification: cyclohexane:CH2Cl2 1:1. White solid (15.6 mg, yield = 60%). 
Melting point = 205-207 ºC. 1H NMR (300 MHz, CDCl3) δ 7.78 – 7.63 (m, 3H), 7.43 
– 7.30 (m, 2H), 7.30 – 7.19 (m, 2H), 7.17 – 7.07 (m, 2H), 4.08 (s, 4H), 3.94 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 157.3, 137.3, 137.1, 136.2, 133.4, 133.3, 128.7, 127.9, 
127.2, 127.2, 126.2, 126.2, 125.0, 124.2, 118.1, 105.3, 55.3, 36.9, 36.6. HRMS (ESI+) 
m/z calc. for C19H17O [M+H]+: 261.1274. Found: 261.1272. 
X-ray quality single crystals were obtained by slow diffusion of pentane into a 
solution of 120g in CH2Cl2 at 5 ºC.  
 
8-Fluoro-5,12-dihydrotetracene (120h). General procedure from enyne 119h. 
Purification: cyclohexane:CH2Cl2 1:1 (eluted twice). White solid with limited 
solubility in standard organic solvents (18.8 mg, yield = 76%). 
Melting point = 221-223 ºC. 1H NMR (400 MHz, CDCl3) δ 7.80 (dd, J = 9.1, 5.9 Hz, 
1H), 7.77 (s, 1H), 7.73 (s, 1H), 7.42 (dd, J = 10.0, 2.6 Hz, 1H), 7.39 – 7.34 (m, 2H), 
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7.27 – 7.18 (m, 3H), 4.10 (s, 4H). 19F NMR (376 MHz, CDCl3) δ -115.99. 13C NMR 
(101 MHz, CDCl3) δ 160.4 (d, J = 244.6 Hz), 137.0, 137.0, 136.8, 135.1, 135.0, 
133.0, 132.9, 129.5 (d, J = 9.1 Hz), 129.3, 127.2 (d, J = 3.3 Hz), 126.3, 125.2 (d, J = 
0.8 Hz), 124.6 (d, J = 5.3 Hz), 115.6 (d, J = 25.3 Hz), 110.2 (d, J = 20.5 Hz), 36.8, 
36.7. HRMS (APCI+) m/z calc. for C18H14F [M+H]+: 249.1074. Found: 249.1066. 
X-ray quality single crystals were obtained by slow diffusion of pentane into a 
solution of 120h in CH2Cl2 at room temperature.  
 
8-Bromo-5,12-dihydrotetracene (120i). General procedure from enyne 119i. 
Purification: cyclohexane:CH2Cl2 1:1 (eluted twice). White solid with limited 
solubility in standard organic solvents (20.4 mg, yield = 67%). 
Melting point = 203-205 ºC. 1H NMR (500 MHz, CDCl3) δ 7.97 (d, J = 2.0 Hz, 1H), 
7.74 (s, 1H), 7.68 (s, 1H), 7.67 (d, J = 6.7 Hz, 1H), 7.51 (dd, J = 8.8, 2.0 Hz, 1H), 
7.40 – 7.34 (m, 2H), 7.27 – 7.22 (m, 2H), 4.11 (s, 2H), 4.09 (s, 2H). 13C NMR (126 
MHz, CDCl3) δ 137.0, 136.7, 136.7, 136.3, 133.5, 130.7, 129.2, 128.9, 128.6, 127.3, 
127.2, 126.4, 126.4, 125.2, 124.3, 119.1, 36.8, 36.8. The spectroscopic data were 
consistent with those previously reported.242 
 
8-Iodo-5,12-dihydrotetracene (120j). General procedure from enyne 119j. 
Purification: cyclohexane:CH2Cl2 1:1 (eluted twice). White solid (35.3 mg, yield = 
99%). 
Melting point = 197-199 ºC. 1H NMR (400 MHz, CDCl3) δ 8.21 – 8.18 (m, 1H), 7.72 
(s, 1H), 7.67 (dd, J = 8.5, 1.7 Hz, 1H), 7.65 (s, 1H), 7.54 (d, J = 8.6 Hz, 1H), 7.39 – 
7.34 (m, 2H), 7.27 – 7.22 (m, 2H), 4.10 (s, 2H), 4.09 (s, 2H). 13C NMR (101 MHz, 
CDCl3) δ 136.8, 136.7, 136.7, 136.5, 135.9, 134.0, 133.8, 131.0, 128.8, 127.3, 127.2, 																																																								
242 Kim, B.; Choi, S. H.; Zhu, X.-Y.; Frisble, C. D. J. Am. Chem. Soc. 2011, 133, 19864–
19877. 
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126.4, 125.2, 124.1, 90.7, 36.8, 36.8 (one peaks missing due to overlapping). HRMS 
(APCI+) m/z calc. for C18H13I [M]+: 356.0056. Found: 356.0068. 
 
7-Phenyl-5,12-dihydrotetracene (120k). General procedure from enyne 119k. 
Purification: cyclohexane:CH2Cl2 8:2. White solid (14.1 mg, yield = 46%). 
Melting point = 195-197 ºC. 1H NMR (400 MHz, CDCl3) δ 7.88 – 7.79 (m, 3H), 7.58 
– 7.44 (m, 6H), 7.41 – 7.34 (m, 2H), 7.33 – 7.29 (m, 1H), 7.26 – 7.18 (m, 2H), 4.13 
(s, 2H), 4.03 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 141.1, 139.7, 137.1, 137.0, 
136.0, 135.6, 132.7, 130.5, 130.1, 128.3, 127.2, 127.2, 127.2, 127.0, 126.4, 126.2, 
126.2, 125.6, 124.8, 123.3, 37.0, 36.66. HRMS (APCI+) m/z calc. for C24H19 [M+H]+: 
307.1481. Found: 307.1473. 
 
8-(4-Iodophenyl)-5,12-dihydrotetracene (120l). General procedure from enyne 
119l. Purification: cyclohexane:CH2Cl2 8:2. White solid solid (30.7 mg, yield = 71%). 
Melting point = 221-223 ºC. 1H NMR (500 MHz, CDCl3) δ 7.97 (d, J = 1.8 Hz, 1H), 
7.88 (d, J = 8.5 Hz, 1H), 7.85 – 7.81 (m, 3H), 7.80 (s, 1H), 7.65 (dd, J = 8.5, 1.9 Hz, 
1H), 7.50 – 7.46 (m, 2H), 7.40 – 7.35 (m, 2H), 7.27 – 7.22 (m, 2H), 4.13 (s, 4H). 13C 
NMR (126 MHz, CDCl3) δ 140.8, 137.9, 136.9, 136.8, 136.4, 136.2, 132.5, 131.7, 
129.2, 127.9, 127.3, 127.3, 126.3, 125.5, 125.0, 125.0, 124.5, 92.9, 36.9 (three peaks 
missing due to overlapping). HRMS (APCI+) m/z calc. for C24H18I [M+H]+: 
433.0448. Found: 433.0454. 
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(6,11-Dihydrotetracen-2-yl)trimethylsilane (120m). General procedure from enyne 
119m. Purification: cyclohexane:CH2Cl2 8:2. White solid (16.5 mg, yield = 55%). 
Melting point = 131-133 ºC. 1H NMR (500 MHz, CDCl3) δ 7.98 (d, J = 1.0 Hz, 1H), 
7.80 (d, J = 8.3 Hz, 1H), 7.79 (s, 1H), 7.76 (s, 1H), 7.57 (dd, J = 8.0, 1.2 Hz, 1H), 
7.42 – 7.34 (m, 2H), 7.29 – 7.21 (m, 2H), 4.12 (s, 4H), 0.38 (s, 9H). 13C NMR (101 
MHz, CDCl3) δ 137.1, 137.1, 136.1, 135.7, 133.1, 132.6, 131.9, 129.3, 127.3, 127.3, 
126.3, 126.2, 126.2, 125.3, 125.0, 36.9, 36.8, -1.0 (one peak missing due to 
overlapping). HRMS (APCI+) m/z calc. for C21H21Si [M-H]+: 301.1407. Found: 
301.1411. 
 
8,13-Dihydrobenzo[a]tetracene (120n). General procedure from enyne 119n. 
Purification: cyclohexane:CH2Cl2 8:2 (eluted twice). Pale yellow solid (27.7 mg, yield 
= 99%). 
Melting point = 106-108 ºC. 1H NMR (500 MHz, CDCl3) δ 8.73 (d, J = 8.2 Hz, 1H), 
8.64 (s, 1H), 7.90 (dd, J = 7.8, 1.4 Hz, 1H), 7.83 (s, 1H), 7.74 (d, J = 8.9 Hz, 1H), 
7.71 (d, J = 8.9 Hz, 1H), 7.68 (ddd, J = 8.3, 7.0, 1.5 Hz, 1H), 7.60 (ddd, J = 8.0, 6.9, 
1.2 Hz, 1H), 7.44 – 7.38 (m, 2H), 7.29 – 7.24 (m, 2H), 4.24 (s, 2H), 4.17 (s, 2H). 13C 
NMR (101 MHz, CDCl3) δ 136.9, 136.9, 136.0, 136.0, 131.9, 130.7, 130.2, 128.9, 
128.6, 127.4, 127.4, 126.6, 126.4, 126.4, 126.4, 126.3, 126.3, 126.2, 122.5, 120.8, 
37.1, 36.5. HRMS (APCI+) m/z calc. for C22H17 [M+H]+: 281.1325. Found: 281.1332. 
X-ray quality single crystals were obtained by slow diffusion of pentane into a 
solution of 120n in CH2Cl2 at 5 ºC.  
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10,15-Dihydrodibenzo[a,c]tetracene (120o). General procedure from enyne 119o. 
Purification: cyclohexane:CH2Cl2 7:3. Pale yellow solid (32.6 mg, yield = 99%). 
Melting point = 234-236 ºC. 1H NMR (300 MHz, CDCl3) δ 8.67 (ddd, J = 9.7, 5.1, 
3.0 Hz, 4H), 8.57 (s, 2H), 7.72 – 7.60 (m, 4H), 7.42 (dd, J = 5.5, 3.4 Hz, 2H), 7.27 
(dd, J = 5.5, 3.4 Hz, 2H), 4.22 (s, 4H). 13C NMR (101 MHz, CDCl3) δ 136.7, 136.3, 
129.8, 129.6, 128.2, 127.5, 127.1, 126.8, 126.3, 123.3, 123.1, 121.7, 36.7. HRMS 
(APCI+) m/z calc. for C26H19 [M+H]+: 331.1481. Found: 331.1479. 
X-ray quality single crystals were obtained by slow diffusion of pentane into a 
solution of 120o in CH2Cl2 at 5 ºC.  
 
8,13-Dihydronaphtho[2,1,8-uva]pentacene (120p). General procedure from enyne 
119p. Purification: cyclohexane:CH2Cl2 6:4. Yellow solid with limited solubility in 
standard organic solvents (22.2 mg, yield = 65%). 
Melting point = 273-275 ºC. 1H NMR (500 MHz, CDCl3) δ 9.07 (d, J = 9.1 Hz, 1H), 
8.97 (s, 1H), 8.47 (s, 1H), 8.33 (d, J = 9.1 Hz, 1H), 8.24 (dd, J = 7.8, 1.1 Hz, 1H), 
8.20 (s, 1H), 8.09 (dd, J = 7.4, 1.1 Hz, 1H), 8.02 – 7.96 (m, 2H), 7.91 (d, J = 9.1 Hz, 
1H), 7.49 – 7.42 (m, 2H), 7.32 – 7.25 (m, 2H), 4.37 (s, 2H), 4.29 (s, 2H). 13C NMR 
(126 MHz, CDCl3) δ 137.1, 137.0, 136.0, 136.0, 131.6, 131.3, 130.3, 129.4, 128.2, 
127.4, 127.4, 127.4, 127.3, 127.1, 126.9, 126.4, 126.4, 126.1, 125.9, 125.5, 125.3, 
124.6, 124.3, 123.6, 122.2, 120.6, 37.6, 36.8. HRMS (LDI+) m/z calc. for C28H18 
[M]+: 354.1409. Found: 354.1416. 
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5,10-Dihydroanthra[2,3-b]thiophene (120q). General procedure from enyne 119q. 
Purification: cyclohexane:CH2Cl2 7:3. Off-white solid (22.0 mg, yield = 93%). 
Melting point = 172-174 ºC. 1H NMR (400 MHz, CDCl3) δ 7.83 (s, 1H), 7.77 (s, 1H), 
7.39 (d, J = 5.4 Hz, 1H), 7.37 – 7.33 (m, 2H), 7.30 (dd, J = 5.4, 0.8 Hz, 1H), 7.27 – 
7.21 (m, 2H), 4.07 (s, 4H). 13C NMR (101 MHz, CDCl3) δ 138.2, 137.9, 137.2, 137.0, 
134.1, 133.9, 127.2, 127.2, 126.2, 125.7, 123.4, 121.7, 120.5, 36.8, 36.7. HRMS 
(APCI+) m/z calc. for C16H13S [M+H]+: 237.0732. Found: 237.0724. 
X-ray quality single crystals were obtained by slow evaporation of a solution of 120q 
in CHCl3 at room temperature.  
 
7,12-Dihydroanthra[2,3-b]benzo[d]thiophene (120r). General procedure from 
enyne 119r. Purification: cyclohexane:CH2Cl2 7:3. Pale yellow solid (25.1 mg, yield 
= 88%). 
Melting point = 199-201 ºC. 1H NMR (400 MHz, CDCl3) δ 8.18 – 8.13 (m, 1H), 8.09 
(s, 1H), 7.88 – 7.83 (m, 1H), 7.79 (s, 1H), 7.50 – 7.43 (m, 2H), 7.41 – 7.34 (m, 2H), 
7.28 – 7.22 (m, 2H), 4.13 (s, 2H), 4.10 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 139.5, 
137.4, 137.0, 136.7, 136.5, 135.5, 133.9, 133.8, 127.3, 127.3, 126.3, 126.3, 126.3, 
124.2, 122.8, 121.3, 121.0, 120.0, 36.8, 36.7. HRMS (APCI+) m/z calc. for C20H15S 
[M+H]+: 287.0889. Found: 287.0880.  
 
 
 
S
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7,16-Dihydrodibenzo[a,j]tetracene (120s). General procedure from enyne 119s. 
Purification: cyclohexane:CH2Cl2 1:1 (eluted twice). Pale yellow solid with limited 
solubility in standard organic solvents (20.1 mg, yield = 61%). 
Melting point > 300 ºC. 1H NMR (500 MHz, CDCl3) δ 8.75 (d, J = 8.2 Hz, 1H), 8.69 
(s, 1H), 8.27 (dd, J = 8.5, 1.0 Hz, 1H), 7.96 (s, 1H), 7.91 (dt, J = 7.9, 1.8 Hz, 2H), 
7.80 (d, J = 8.3 Hz, 1H), 7.77 (d, J = 8.9 Hz, 1H), 7.73 (d, J = 8.8 Hz, 1H), 7.69 (ddd, 
J = 8.3, 6.9, 1.4 Hz, 1H), 7.66 – 7.59 (m, 2H), 7.56 – 7.50 (m, 2H), 4.65 (s, 2H), 4.48 
(s, 2H). 13C NMR (101 MHz, CDCl3) δ 134.8, 134.8, 133.2, 132.5, 132.0, 131.4, 
130.8, 130.7, 130.1, 128.9, 128.7, 128.6, 127.1, 126.7, 126.6, 126.6, 126.4, 126.4, 
126.3, 126.2, 125.0, 122.9, 122.5, 121.0, 36.8, 31.1. HRMS (LDI+) m/z calc. for 
C26H16 [M-H2]+: 328.1252. Found: 328.1236. 
 
6,13-Dihydropentacene (120t). General procedure from enyne 119t. Purification: 
cyclohexane:CH2Cl2 1:1 (eluted twice). White solid with limited solubility in standard 
organic solvents (17.6 mg, yield = 63%). 
1H NMR (500 MHz, CDCl3) δ 7.91 – 7.75 (m, 8H), 7.45 (dd, J = 6.4, 3.1 Hz, 4H), 
4.28 (s, 4H). 13C NMR (126 MHz, CDCl3) δ 135.9, 132.5, 127.2, 125.4, 125.1, 37.4. 
The spectroscopic data were consistent with those previously reported.243 
 
6,6',11,11'-Tetrahydro-2,2'-bitetracene (139a). General procedure from enyne 
138a. After removing the volatiles the crude was washed and centrifuged with MeOH 
(2x5 mL), CH2Cl2 (2x5 mL), and CHCl3 (2x5 mL). The remaining solid was dried 																																																								
243 Tamano, M.; Koketsu, J. Bull. Chem. Soc. Jpn. 1985, 58, 2577–2580. 
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under reduced pressure to afford the product as a highly insoluble white solid (35.2 
mg, yield = 77%). 
Melting point > 300 ºC. 1H NMR (500 MHz, C2D2Cl4, 393 K) δ 8.15 (s, 2H), 7.94 (d, 
J = 8.5 Hz, 2H), 7.89 (s, 2H), 7.87 (dd, J = 8.6, 1.8 Hz, 2H), 7.84 (s, 2H), 7.43 – 7.37 
(m, 4H), 7.28 (dd, J = 5.6, 3.3 Hz, 4H), 4.20 (s, 8H). HRMS (MALDI+) m/z calc. for 
C36H26 [M]+: 458.2035. Found: 458.2049. 
 
1,3,5-Tris(6,11-dihydrotetracen-2-yl)benzene (139b). General procedure from 
enyne 138b. Purification: cyclohexane:CH2Cl2 1:1 (eluted twice). Product extracted 
with copious amounts of CHCl3 due to its low solubility. White solid (51.8 mg, yield 
= 68%). 
Melting point = 232-234 ºC. 1H NMR (400 MHz, CDCl3) δ 8.21 – 8.17 (m, 3H), 8.07 
(s, 3H), 7.95 (d, J = 8.5 Hz, 3H), 7.91 – 7.86 (m, 6H), 7.84 (s, 3H), 7.39 (dd, J = 5.5, 
3.4 Hz, 6H), 7.26 (dd, J = 5.6, 3.3 Hz, 6H), 4.15 (s, 12H). 13C NMR (101 MHz, 
CDCl3) δ 142.5, 138.0, 137.0, 136.3, 136.0, 132.7, 131.7, 127.9, 127.3, 127.3, 126.3, 
125.6, 125.5, 125.5, 125.2, 125.0, 36.9 (three peaks missing due to overlapping). 
HRMS (MALDI+) m/z calc. for C30H22 [M]+: 762.3287. Found: 762.3282. 
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5,9,14,17-Tetrahydrodianthra[2,3-b:2',3'-d]thiophene (139c). General procedure 
from enyne 138c. Purification: cyclohexane:CH2Cl2 1:1 (eluted twice). Pale yellow 
solid (16.7 mg, yield = 43%). 
1H NMR (400 MHz, CDCl3) δ 8.07 (s, 2H), 7.77 (s, 2H), 7.43 – 7.33 (m, 4H), 7.28 – 
7.22 (m, 4H), 4.13 (s, 4H), 4.09 (s, 4H). 13C NMR (101 MHz, CDCl3) δ 137.5, 137.0, 
136.7, 136.0, 133.9, 133.7, 127.3, 127.3, 126.2, 126.2, 121.1, 119.7, 36.8, 36.7. The 
spectroscopic data were consistent with those previously reported.226 
 
5,9,14,18-Tetrahydroheptacene (139d). General procedure from enyne 138d or 
138d’. After removing the volatiles the crude was washed and centrifuged with 
MeOH (2x5 mL), CH2Cl2 (2x5 mL), and CHCl3 (2x5 mL). The remaining solid was 
dried under reduced pressure to afford the product as a highly insoluble white solid 
(21.3 mg, yield = 56%). 
Melting point > 300 ºC. 1H NMR (500 MHz, C2D2Cl4, 393 K) δ 8.33 (s, 2H), 7.93 (s, 
4H), 7.44 – 7.35 (m, 4H), 7.27 (dd, J = 5.7, 3.2 Hz, 4H), 4.19 (s, 8H). HRMS 
(MALDI+) m/z calc. for C30H22 [M]+: 382.1722. Found: 382.1705. 
 
7,11,18,22-Tetrahydrodibenzo[a,p]heptacene (139e). General procedure from 
enyne 138e. After removing the volatiles the crude was washed and centrifuged with 
MeOH:CH2Cl2 5:1 (2x6 mL). The remaining solid was dried under reduced pressure 
to afford the product as a poorly soluble pale yellow solid (18.2 mg, yield = 38%). 
Melting point > 300 ºC. 1H NMR (500 MHz, C2D2Cl4) δ 8.71 (s, 2H), 8.27 (d, J = 8.4 
Hz, 2H), 7.96 (s, 2H), 7.92 (d, J = 8.1 Hz, 2H), 7.81 (d, J = 8.1 Hz, 2H), 7.73 (s, 2H), 
S
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7.64 (t, J = 7.5 Hz, 2H), 7.58 – 7.51 (m, 4H), 4.63 (s, 4H), 4.50 (s, 4H). 13C NMR 
(126 MHz, CD2Cl2) δ 134.2, 134.0, 132.8, 131.8, 130.7, 130.3, 130.1, 128.2, 128.1, 
126.6, 126.2, 126.1, 125.8, 125.6, 124.6, 122.4, 120.4, 36.2, 30.5. HRMS (LDI+) m/z 
calc. for C38H26 [M]+: 482.2035. Found: 482.2018. 
 
6,10,17,21-Tetrahydrononacene (139f). General procedure from enyne 138f. After 
removing the volatiles the crude was washed and centrifuged with MeOH (2x5 mL), 
CH2Cl2 (2x5 mL) and CHCl3 (2x5 mL). The remaining solid was dried under reduced 
pressure to afford the product as a highly insoluble brownish solid (14.8 mg, yield = 
31%). 
Melting point > 300 ºC. NMR data could not be obtained due to the high insolubility 
of the compound. HRMS (MALDI+) m/z calc. for C38H26 [M]+: 482.2035. Found: 
482.2023. 
5.2.4. Synthesis of 140 
 
7,16-Dibromo-5,9,14,18-tetrahydroheptacene (140). A 10% v/v solution of Br2 in 
CCl4 (1 mL, 0.2 mmol) was added to a suspension of 139d (38.3 mg, 0.1 mmol) in 
CCl4 (4 mL) in darkness and the resulting mixture was stirred at room temperature for 
1 h. Then the volatiles were removed under reduced pressure and the remaining solid 
was centrifuged with MeOH (2x5 mL), CH2Cl2 (2x5 mL), and CHCl3 (2x5 mL). The 
remaining solid was dried under reduced pressure to afford 140 as an insoluble yellow 
solid (44.4 mg, yield = 82%). 
Br
Br
	 211	
Melting point > 300 ºC. 1H NMR (500 MHz, C2D2Cl4, 393 K)244 δ 8.54 (s, 4H), 7.42 
(dd, J = 5.3, 3.4 Hz, 4H), 7.29 (dd, J = 5.5, 3.4 Hz, 4H), 4.28 (s, 8H). HRMS 
(MALDI+) m/z calc. for C30H20Br2 [M]+: 537.9932. Found: 537.9946. 
X-ray quality single crystals were obtained by heating a suspension of 140 in C2H2Cl4 
at 100 ºC followed by slow cooling down to room temperature.  
5.2.5. Synthesis of 141 
 
Dibenzo[a,p]heptacene (141). 139e (10.0 mg, 0.021 mmol) and DDQ (10.3 mg, 
0.046 mmol) were suspended in anhydrous toluene (1 mL) under Ar atmosphere in 
darkness and the resulting mixture was stirred at 100 ºC for 2 h. After cooling down 
to room temperature and removing the volatiles the crude was washed and centrifuged 
with MeOH/CH2Cl2 5:1 (3x6 mL). The remaining solid was dried under reduced 
pressure to afford the product as an insoluble brown solid (6.7 mg, 0.014 mmol, yield 
= 67%). 
Melting point > 300 ºC. NMR data could not be obtained due to the high insolubility 
of the compound. HRMS (MALDI+) m/z calc. for C38H26 [M]+: 477.1638. Found: 
477.1729.
																																																								
244 At this temperature the product partially decomposed.  
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5.3. Crystallographic Data 
5.3.1. (4-Bromophenyl)(8,9-dihydro-5H-benzo[7]annulen-6-yl)methanone (128h) 
 
Table 14. Crystal data and structure refinement for 128h. 
 
Empirical formula  C18 H15 Br O  
Formula weight  327.21 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 7.6116(9)Å                 α = 79.494(16)° 
 b = 10.2430(16)Å             β = 69.566(13)° 
 c = 10.2749(14)Å             γ = 70.319(13)° 
Volume 704.92(19) Å3 
Z 2 
Density (calculated) 1.542 Mg/m3 
Absorption coefficient 2.908 mm-1 
F(000)  332 
Crystal size  0.20 x 0.20 x 0.20 mm3 
Theta range for data collection 2.117 to 27.512°. 
Index ranges -9<=h<=9,-13<=k<=13,-13<=l<=13 
Reflections collected  11277 
Independent reflections 3220[R(int) = 0.0483] 
Completeness to theta =27.512°  99.2%  
Absorption correction  Empirical 
Max. and min. transmission  0.594 and 0.457 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  3220/ 0/ 181 
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Goodness-of-fit on F2  1.142 
Final R indices [I>2sigma(I)]  R1 = 0.0353, wR2 = 0.0845 
R indices (all data)  R1 = 0.0457, wR2 = 0.0894 
Largest diff. peak and hole  0.557 and -0.546 e.Å-3 
 
Table 15. Bond lengths [Å] and angles [°] for 128h. 
 
Bond lengths 
Br1-C5  1.904(3) 
O1-C1  1.228(3) 
C1-C8  1.491(4) 
C1-C2  1.498(3) 
C2-C7  1.394(4) 
C2-C3  1.397(4) 
C3-C4  1.388(4) 
C4-C5  1.384(4) 
C5-C6  1.392(4) 
C6-C7  1.384(4) 
C8-C18  1.337(4) 
C8-C9  1.518(3) 
C9-C10  1.514(4) 
C10-C11  1.394(4) 
C10-C15  1.399(4) 
C11-C12  1.393(4) 
C12-C13  1.377(4) 
C13-C14  1.395(4) 
C14-C15  1.389(4) 
C15-C16  1.511(4) 
C16-C17  1.529(4) 
C17-C18  1.499(4) 
 
Angles 
O1-C1-C8 121.0(2) 
O1-C1-C2 118.8(2) 
C8-C1-C2 120.1(2) 
C7-C2-C3 119.4(2) 
C7-C2-C1 119.3(2) 
C3-C2-C1 120.8(2) 
C4-C3-C2 120.6(2) 
C5-C4-C3 118.5(2) 
C4-C5-C6 122.3(2) 
C4-C5-Br1 118.7(2) 
C6-C5-Br1 119.0(2) 
C7-C6-C5 118.2(2) 
C6-C7-C2 120.9(2) 
C18-C8-C1 118.0(2) 
C18-C8-C9 126.2(2) 
C1-C8-C9 115.6(2) 
C10-C9-C8 116.0(2) 
C11-C10-C15 119.7(2) 
C11-C10-C9 119.7(2) 
C15-C10-C9 120.6(2) 
C12-C11-C10 120.5(3) 
C13-C12-C11 120.0(3) 
C12-C13-C14 119.7(3) 
C15-C14-C13 121.0(3) 
C14-C15-C10 119.2(2) 
C14-C15-C16 121.0(2) 
C10-C15-C16 119.8(2) 
C15-C16-C17 113.8(2) 
C18-C17-C16 117.8(2) 
C8-C18-C17 129.0(2) 
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Table 16. Torsion angles [°] for 128h. 
 
O1-C1-C2-C7 34.4(4) 
C8-C1-C2-C7 -146.0(2) 
O1-C1-C2-C3 -137.7(3) 
C8-C1-C2-C3 41.9(3) 
C7-C2-C3-C4 -1.9(4) 
C1-C2-C3-C4 170.2(2) 
C2-C3-C4-C5 2.6(4) 
C3-C4-C5-C6 -0.5(4) 
C3-C4-C5-Br1 -179.78(19) 
C4-C5-C6-C7 -2.3(4) 
Br1-C5-C6-C7 177.01(19) 
C5-C6-C7-C2 3.0(4) 
C3-C2-C7-C6 -0.9(4) 
C1-C2-C7-C6 -173.2(2) 
O1-C1-C8-C18 -145.4(3) 
C2-C1-C8-C18 35.0(3) 
O1-C1-C8-C9 29.6(4) 
C2-C1-C8-C9 -150.0(2) 
C18-C8-C9-C10 46.0(4) 
C1-C8-C9-C10 -128.6(2) 
C8-C9-C10-C11 120.0(3) 
C8-C9-C10-C15 -62.2(3) 
C15-C10-C11-C12 0.3(4) 
C9-C10-C11-C12 178.1(2) 
C10-C11-C12-C13 -0.7(4) 
C11-C12-C13-C14 0.6(4) 
C12-C13-C14-C15 0.0(4) 
C13-C14-C15-C10 -0.4(4) 
C13-C14-C15-C16 179.7(3) 
C11-C10-C15-C14 0.2(4) 
C9-C10-C15-C14 -177.5(2) 
C11-C10-C15-C16 -179.8(2) 
C9-C10-C15-C16 2.4(4) 
C14-C15-C16-C17 -112.7(3) 
C10-C15-C16-C17 67.4(3) 
C15-C16-C17-C18 -62.6(3) 
C1-C8-C18-C17 173.1(3) 
C9-C8-C18-C17 -1.3(5) 
C16-C17-C18-C8 10.5(4) 
5.3.2. 5,12-Dihydrotetracene (120a) 
 
 
Table 17. Crystal data and structure refinement for 120a. 
 
Identification Code CCDC 1475950 
Empirical formula  C18 H14  
Formula weight  230.29 
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Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1)  
Unit cell dimensions a = 6.0583(2)Å α = 90° 
 b = 7.5146(3)Å β = 90° 
 c = 25.6845(9)Å γ = 90° 
Volume 1169.30(7) Å3 
Z 4 
Density (calculated) 1.308 Mg/m3 
Absorption coefficient 0.074 mm-1 
F(000)  488 
Crystal size  0.20 x 0.005 x 0.005 mm3 
Theta range for data collection 1.586 to 36.479°. 
Index ranges -10<=h<=10,-12<=k<=12,-42<=l<=42 
Reflections collected  32083 
Independent reflections 5717[R(int) = 0.0213] 
Completeness to theta =36.479°  99.9%  
Absorption correction  Empirical 
Max. and min. transmission  1.000 and 0.769 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  5717/ 0/ 163 
Goodness-of-fit on F2  1.074 
Final R indices [I>2sigma(I)]  R1 = 0.0325, wR2 = 0.0939 
R indices (all data)  R1 = 0.0338, wR2 = 0.0951 
Flack parameter  x =3.3(10) 
Largest diff. peak and hole  0.531 and -0.174 e.Å-3 
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5.3.3. 6,11-Dihydrotetracene-2-carbaldehyde (120e) 
 
 
Table 18. Crystal data and structure refinement for 120e. 
 
Identification Code CCDC 1475951 
Empirical formula  C19 H14 O  
Formula weight  258.30 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1) 
Unit cell dimensions a = 8.406(3)Å α = 90° 
 b = 6.151(2)Å β = 92.412(8)° 
 c = 12.386(5)Å γ = 90° 
Volume 639.8(4) Å3 
Z 2 
Density (calculated) 1.341 Mg/m3 
Absorption coefficient 0.081 mm-1 
F(000)  272 
Crystal size  0.40 x 0.20 x 0.10 mm3 
Theta range for data collection 3.292 to 27.529°. 
Index ranges -10<=h<=10,-7<=k<=7,-11<=l<=16 
Reflections collected  5518 
Independent reflections 2783[R(int) = 0.0573] 
Completeness to theta =27.529°  99.0%  
Absorption correction  Multi-scan 
Max. and min. transmission  0.992 and 0.763 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  2783/ 1/ 181 
Goodness-of-fit on F2  1.013 
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Final R indices [I>2sigma(I)]  R1 = 0.0604, wR2 = 0.1526 
R indices (all data)  R1 = 0.0645, wR2 = 0.1552 
Flack parameter  x =-0.7(10) 
Largest diff. peak and hole  0.429 and -0.333 e.Å-3 
 
5.3.4. 8-Methoxy-5,12-dihydrotetracene (120g) 
 
Table 19. Crystal data and structure refinement for 120g. 
 
Identification Code CCDC 1475952 
Empirical formula  C19 H16 O  
Formula weight  260.32 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1) 
Unit cell dimensions a = 7.7216(10)Å α = 90° 
 b = 6.1287(8)Å β = 94.021(5)° 
 c = 27.785(3)Å γ = 90° 
Volume 1311.6(3) Å3 
Z 4 
Density (calculated) 1.318 Mg/m3 
Absorption coefficient 0.080 mm-1 
F(000)  552 
Crystal size  0.30 x 0.20 x 0.05 mm3 
Theta range for data collection 0.735 to 25.420°. 
Index ranges -9<=h<=8,-7<=k<=7,-33<=l<=33 
Reflections collected  15469 
Independent reflections 4414[R(int) = 0.0443] 
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Completeness to theta =25.420°  93.9%  
Absorption correction  Multi-scan 
Max. and min. transmission  0.996 and 0.944 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  4414/ 1/ 363 
Goodness-of-fit on F2  0.906 
Final R indices [I>2sigma(I)]  R1 = 0.0503, wR2 = 0.1401 
R indices (all data)  R1 = 0.0687, wR2 = 0.1546 
Flack parameter  x =1.7(10) 
Largest diff. peak and hole  0.221 and -0.231 e.Å-3 
 
5.3.5. 8-Fluoro-5,12-dihydrotetracene (120h) 
 
Table 20. Crystal data and structure refinement for 120h. 
 
Identification Code CCDC 1475953 
Empirical formula  C18 H13 F  
Formula weight  248.28 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)  
Unit cell dimensions a = 7.4275(16)Å               α = 90° 
 b = 6.1366(12)Å               β = 102.942(6)° 
 c = 13.481(3)Å                 γ = 90° 
Volume 598.9(2) Å3 
Z 2 
Density (calculated) 1.377 Mg/m3 
Absorption coefficient 0.089 mm-1 
F(000)  260 
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Crystal size  0.25 x 0.18 x 0.03 mm3 
Theta range for data collection 1.550 to 30.098°. 
Index ranges -10<=h<=10,-8<=k<=8,-18<=l<=18 
Reflections collected  6048 
Independent reflections 2590[R(int) = 0.0261] 
Completeness to theta =30.098°  89.1%  
Absorption correction  Empirical 
Max. and min. transmission  0.997 and 0.87 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  2590/ 1/ 172 
Goodness-of-fit on F2  1.098 
Final R indices [I>2sigma(I)]  R1 = 0.0513, wR2 = 0.1447 
R indices (all data)  R1 = 0.0525, wR2 = 0.1458 
Flack parameter  x =0.2(4) 
Largest diff. peak and hole  0.479 and -0.379 e.Å-3 
 
5.3.6. 8,13-Dihydrobenzo[a]tetracene (120n) 
 
Table 21. Crystal data and structure refinement for 120n. 
 
Identification Code CCDC 1475954 
Empirical formula  C22 H16  
Formula weight  280.35 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 9.6625(12)Å             α = 90° 
 b = 29.429(3)Å               β = 103.035(13)° 
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 c = 10.3159(12)Å           γ = 90° 
Volume 2857.8(6) Å3 
Z 8 
Density (calculated) 1.303 Mg/m3 
Absorption coefficient 0.074 mm-1 
F(000)  1184 
Crystal size  0.100 x 0.100 x 0.010 mm3 
Theta range for data collection 2.141 to 25.689°. 
Index ranges -10<=h<=11,-32<=k<=35,-12<=l<=12 
Reflections collected  18474 
Independent reflections 5305[R(int) = 0.1010] 
Completeness to theta =25.689°  97.899994%  
Absorption correction  Empirical 
Max. and min. transmission  0.999 and 0.768 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  5305/ 0/ 397 
Goodness-of-fit on F2  0.974 
Final R indices [I>2sigma(I)]  R1 = 0.0719, wR2 = 0.1718 
R indices (all data)  R1 = 0.1675, wR2 = 0.2198 
Largest diff. peak and hole  0.343 and -0.340 e.Å-3 
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5.3.7. 10,15-Dihydrodibenzo[a,c]tetracene (120o) 
 
Table 22. Crystal data and structure refinement for 120o. 
 
Identification Code CCDC 1475955 
Empirical formula  C26 H18  
Formula weight  330.40 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 12.0990(15)Å             α = 103.003(4)° 
 b = 12.1273(15)Å             β = 101.632(4)° 
 c = 23.625(3)Å                 γ = 90.023(4)° 
Volume 3304.4(7) Å3 
Z 8 
Density (calculated) 1.328 Mg/m3 
Absorption coefficient 0.075 mm-1 
F(000)  1392 
Crystal size  0.40 x 0.20 x 0.15 mm3 
Theta range for data collection 0.904 to 30.694°. 
Index ranges -17<=h<=16,-17<=k<=16,0<=l<=33 
Reflections collected  18842 
Independent reflections 18842[R(int) =null] 
Completeness to theta =30.694°  95.5%  
Absorption correction  Multi-scan 
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Max. and min. transmission  0.989 and 0.761 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  18842/ 0/ 938 
Goodness-of-fit on F2  1.745 
Final R indices [I>2sigma(I)]  R1 = 0.1366, wR2 = 0.3397 
R indices (all data)  R1 = 0.1707, wR2 = 0.3521 
Largest diff. peak and hole  0.586 and -0.591 e.Å-3 
 
5.3.8. 5,10-Dihydroanthra[2,3-b]thiophene (120q) 
 
Table 23. Crystal data and structure refinement for 120q. 
 
Identification Code CCDC 1475956 
Empirical formula  C16 H12 S  
Formula weight  236.32 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1) 
Unit cell dimensions a = 5.9591(3)Å α = 90° 
 b = 7.6472(3)Å β = 90° 
 c = 24.7205(11)Å γ = 90° 
Volume 1126.52(9) Å3 
Z 4 
Density (calculated) 1.393 Mg/m3 
Absorption coefficient 0.257 mm-1 
F(000)  496 
Crystal size  0.50 x 0.20 x 0.04 mm3 
Theta range for data collection 2.788 to 29.300°. 
Index ranges -7<=h<=7,-10<=k<=8,-29<=l<=33 
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Reflections collected  15638 
Independent reflections 2957[R(int) = 0.0322] 
Completeness to theta =29.300°  97.7%  
Absorption correction  Empirical 
Max. and min. transmission  0.990 and 0.939 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  2957/ 74/ 169 
Goodness-of-fit on F2  1.088 
Final R indices [I>2sigma(I)]  R1 = 0.0361, wR2 = 0.0810 
R indices (all data)  R1 = 0.0393, wR2 = 0.0822 
Flack parameter  x =0.06(3) 
Largest diff. peak and hole  0.288 and -0.235 e.Å-3 
 
5.3.9. 7,16-Dibromo-5,9,14,18-tetrahydroheptacene (140) 
 
Table 24. Crystal data and structure refinement for 140. 
 
Identification Code CCDC 1476286 
Empirical formula  C30 H20 Br2  
Formula weight  540.28 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 3.9810(3)Å α = 90° 
 b = 20.3822(16)Å β = 97.753(2)° 
 c = 12.9330(11)Å γ = 90° 
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Volume 1039.81(14) Å3 
Z 2 
Density (calculated) 1.726 Mg/m3 
Absorption coefficient 3.916 mm-1 
F(000)  540 
Crystal size  0.40 x 0.05 x 0.05 mm3 
Theta range for data collection 1.877 to 31.550°. 
Index ranges -5<=h<=5,-29<=k<=28,-12<=l<=18 
Reflections collected  9991 
Independent reflections 3344[R(int) = 0.0217] 
Completeness to theta =31.550°  96.4%  
Absorption correction  Multi-scan 
Max. and min. transmission  0.828 and 0.656 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  3344/ 0/ 145 
Goodness-of-fit on F2  1.050 
Final R indices [I>2sigma(I)]  R1 = 0.0287, wR2 = 0.0668 
R indices (all data)  R1 = 0.0394, wR2 = 0.0706 
Largest diff. peak and hole  0.661 and -0.414 e.Å-3 
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5.4. Mass Spectra of Polyhydroacenes 139 
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Chapter III: 
Gold-Catalyzed Synthesis of Echinopine Derivatives 
 
1. INTRODUCTION 
1.1. Gold-Catalyzed Activation of Multiple Bonds in Total Synthesis 
Gold has been considered for centuries a precious, purely decorative inert metal. 
It was not until 1986 that Ito and Hayashi described the first application of gold(I) 
complexes in homogeneous catalysis for the asymmetric aldol reaction of aldehydes 
with isocyanides,245 a methodology that was later applied to the synthesis of threo- 
and erythro-sphingosines 246  and MeBmt ((2S,3R,4R,6E)-3-hydroxy-4-methyl-2-
(methylamino)oct-6-enoic acid).247 More than one decade later, the first examples of 
gold(I)-mediated activation of alkynes were reported by Teles 248  and Tanaka172a 
(Scheme 64), while Fukuda and Utimoto had demonstrated that gold(III) is an 
effective catalyst for the addition of heteronucleophiles to alkenes and alkynes.249 
 
Scheme 64. Gold-catalyzed addition of heteronucleophiles to alkynes. 
All these discoveries prompted the evolution of gold chemistry as a true hot 
spot in homogeneous catalysis. Hence, the number of synthetic methodologies to 
build complex molecular architectures has grown exponentially over the last 
																																																								
245  Ito, Y.; Sawamura, M.; Hayashi, T. J. Am. Chem. Soc. 1986, 108, 6405–6406. 
246  Ito, Y.; Sawamura, M.; Hayashi, T. Tetrahedron Lett. 1988, 29, 239–240. 
247  Togni, A.; Pastor, S. D.; Rihs, G. Helv. Chim. Acta 1989, 72, 1471–1478. 
248  Teles, J. H.; Brode, S.; Chabanas, M. Angew. Chem. Int. Ed. 1998, 37, 1415–1418. 
249  a) Fukuda, Y.; Utimoto, K. J. Org. Chem. 1991, 56, 3729–3731. b) Fukuda, Y.; 
Utimoto, K. Bull. Chem. Soc. Jpn. 1991, 64, 2013–2015. c) Fukuda, Y.; Utimoto, K. 
Synthesis 1991, 975–978. 
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decade,167,176 and many of them have been successfully used as key steps in the total 
synthesis of natural products.250 
1.1.1. Addition of heteronucleophiles to alkynes and allenes 
The effectiveness of gold complexes for the activation of π-systems toward 
inter- and intramolecular nucleophilic attack has been demonstrated for a variety of 
heteronucleophiles. Due to relativistic effects, cationic gold complexes possess, 
besides a high π-acidity, a low oxyphilicity,251 and therefore they are able to activate 
unsaturated C-C bonds in the presence of oxygen-containing functional groups that 
can subsequently attack the activated species forming a new C-O bond. 
The gold(I)-catalyzed formation of O-heterocycles through the intramolecular 
hydroalkoxylation of alkynes is a powerful tool in the field of total synthesis of 
natural products. In the synthesis of (–)-atrop-abyssomicin C,252 the bridged bicyclic 
system 143 was built via cyclization of the corresponding alkynol 142 (Scheme 65). 
 
Scheme 65. Synthesis of (–)-atrop-abyssomicin C. 
Another remarkable example is found in the total synthesis of bryostatin 16,253 
in which the gold(I)-catalyzed oxycyclization of alkynol 144 generates 145 that 
contains the dihydropyran heterocycle present in the natural product (Scheme 66). 
																																																								
250  a) Hashmi, A. S. K.; Rudolph, M. Chem. Soc. Rev. 2008, 37, 1766–1775. b) Rudolph, 
M.; Hashmi, A. S. K. Chem. Soc. Rev. 2012, 41, 2448–2462. c) Zhang, Y.; Luo, T.; 
Yang, Z. Nat. Prod. Rep. 2014, 31, 489–503. d) Fürstner, A. Acc. Chem. Res. 2014, 47, 
925–938. e) Pflästerer, D.; Hashmi, A. S. K. Chem. Soc. Rev. 2016, 45, 1331–1367. f) 
Stathakis, C. I.; Gkizis, P. L.; Zografos, A. L. Nat. Prod. Rep. 2016, 33, 1093–1117. 
251  a) Shapiro, N. D.; Toste, F. D. Synlett 2010, 675–691. b) Yamamoto, Y. J. Org. Chem. 
2007, 72, 7817–7831. 
252  Bihelovic, F.; Saicic, R. N. Angew. Chem. Int. Ed. 2012, 51, 5687–5691. 
253  a) Trost, B. M.; Dong, G. Nature 2008, 456, 485–488. b) Trost, B. M.; Dong, G. J. Am. 
Chem. Soc. 2010, 132, 16403–16416. 
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Scheme 66. Synthesis of bryostatin 16. 
In the formal synthesis of didemniserinolipid B, a gold(I)-catalyzed 6-endo-dig 
alkynol-cycloisomerization was considered as the key step to construct the bicyclic 
acetal skeleton. 254  Another example of gold(I)-promoted cycloisomerization of 
alkynols was reported in the total synthesis of (±)-cafestol,255 in which the furan ring 
is constructed in a late stage via 5-endo-dig cycloisomerization followed by 
dehydration. Similarly, the dihydrofuran ring of (+)-cephalostatin 1 256  and the 
dihydropyrane fragments in spirastrellolide F 257  and polycavernoside A 258  were 
assembled through the gold(I)-catalyzed cyclization of suitable alkynols.  
																																																								
254  Das, S.; Induvadana, B.; Ramana, C. V. Tetrahedron 2013, 69, 1881–1896. 
255  Zhu, L.; Luo, J.; Hong, R. Org. Lett. 2014, 16, 2162–2165. 
256  Fortner, K. C.; Kato, D.; Tanaka, Y.; Shair, M. D. J. Am. Chem. Soc. 2010, 132, 275–
280. 
257  Benson, S.; Collin, M.-P.; Arlt, A.; Gabor, B.; Goddard, R.; Fürstner, A. Angew. Chem. 
Int. Ed. 2011, 50, 8739–8744. 
258  Brewitz, L.; Llaveria, J.; Yada, A.; Fürstner, A. Chem. Eur. J. 2013, 19, 4532–4537. 
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Gold complexes can also catalyze the hydroalkoxylation of allenes, as 
exemplified in the total syntheses of β-carboline alkaloids (–)-isocyclocapitelline, (–)-
isochrysotricine,259 funanomycin derivatives,260 bejarols,261 and indoxamycin B.262 
The formation of spiroketal skeletons catalyzed by gold(I) has also been 
successfully applied in several total syntheses.263 As an illustrative example, the C15-
C38 fragment of okadic acid, a natural occurring polyether containing three spiroketal 
motifs, was synthesized taking advantage of the high activity and selectivity of AuCl 
for the synthesis of spiroketals starting from alkynediols 146 and 148 (Scheme 67).264  
 
Scheme 67. Total synthesis of okadaic acid. 
The ability of carboxylic acid derivatives to add to alkynes in the presence of 
gold(I) complexes has less precedents in the context of the total synthesis of natural 																																																								
259  a) Volz, F.; Krause, N. Org. Biomol. Chem. 2007, 5, 1519–1521. b) Volz, F.; Wadman, 
S. H.; Hofmann-Röder, A.; Krause, N. Tetrahedron 2009, 65, 1902–1910. 
260  Erdsack, J.; Krause, N. Synthesis 2007, 3741–3750. 
261  Sawama, Y.; Sawama, Y.; Krause, N. Org. Biomol. Chem. 2008, 6, 3573–3579. 
262  Jeker, O. F.; Carreira, E. M. Angew. Chem. Int. Ed. 2012, 51, 3474–3477. 
263  For selected examples see: a) Wang, X.; Paxton, T. J.; Li, N.; Smith, A. B., III Org. 
Lett. 2012, 14, 3998–4001. b) Li, Y.; Zhou, F.; Forsyth, C. J. Angew. Chem. Int. Ed. 
2007, 46, 279–282. c) Trost, B. M.; O’Boyle, B. M.; Hund, D. J. Am. Chem. Soc. 2009, 
131, 15061–15074. d) Kona, C. N.; Ramana, C. V. Tetrahedron 2014, 70, 3653–3656. 
e) Newton, S.; Carter, C. F.; Pearson, C. M.; Alves, L. C.; Lange, H.; Thansandote, P.; 
Ley, S. V. Angew. Chem. Int. Ed. 2014, 53, 4915–4920. 
264  Fang, C.; Pang, Y.; Forsyth, C. J. Org. Lett. 2010, 12, 4528–4531. 
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products. Nonetheless, the first total synthesis of neurymenolide A265 as well as the 
synthesis of psymberin 266  were accomplished using a gold(I)-catalyzed 
hydrocarboxylation as the key step to construct lactones 151 and 153, respectively 
(Scheme 68). In a more recent example, the isocoumarin fragment of citreoviranol 
was accessed through the gold(I)-catalyzed cyclization of an alkynyl carboxylic 
acid.267 In the case of allenes, an analogous gold(I)-catalyzed hydrocarboxylation was 
employed as one of the key steps in the total synthesis of (–)-funebrine.268 
																																																								
265  Chaładaj, W.; Corbet, M.; Fürstner, A. Angew. Chem. Int. Ed. 2012, 51, 6929–6933. 
266  Feng, Y.; Jiang, X.; De Brabander, J. K. J. Am. Chem. Soc. 2012, 134, 17083–17093. 
267  Quach, R.; Furkert, D. P.; Brimble, M. A. J. Org. Chem. 2016, 81, 8343–8350. 
268  Okada, T.; Sakaguchi, K.; Shinada, T.; Ohfune, Y. Tetrahedron Lett. 2011, 52, 5744–
5746. 
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Scheme 68. Syntheses of neurymenolid A and psymberin. 
A gold(I)-catalyzed tandem reaction of 1,7-diynes bearing a propargylic 
carboxylic acid was developed for the total synthesis of drimane-type 
sesquiterpenoids, 269  involving a first intramolecular hydrocarboxylation to give a 
furanone intermediate that undergoes a 6-exo-dig cyclization followed by 
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intermolecular trapping with benzyl alcohol. A similar tandem sequence was also 
applied in the synthesis of cladiellins.270 
The ability of gold complexes to catalyze the hydroamination of unsaturated 
systems and therefore assemble nitrogen-containing heterocycles has also been 
highlighted in the context of total synthesis. The intramolecular gold-catalyzed alkyne 
hydroamination reaction provides an efficient entry to heterocyclic systems such as 
piperidines,271 indoles,272 pyrrolidine,273 or tetrahydroisoquinolines274 present in the 
skeleton of natural products. In the total syntheses of (–)-rhazinicine and (–)-
rhazinilam the key step was the gold(I)-catalyzed cascade cyclization of 154, which 
was initiated by an intramolecular 6-exo-dig nucleophilic addition of the nitrogen 
atom of the amide precursor to the gold-activated alkyne. This cyclization generates 
enamine intermediate 155 that subsequently cyclizes to build 156, which features the 
highly substituted indolizinone skeleton present in both natural products (Scheme 
69).275 In contrast, the analogous hydroamination of allenes has been far less explored 
in the context of the total synthesis of natural products.276 
 
																																																								
270  Yue, G.; Zhang, Y.; Fang, L.; Li, C.-C.; Luo, T.; Yang, Z. Angew. Chem. Int. Ed. 2014, 
53, 1837–1840. 
271  a) Gouault, N.; Le Roch, M.; de Campos Pinto, G.; David, M. Org. Biomol. Chem. 
2012, 10, 5541–5546. b) Jung, H. H.; Floreancig, P. E. J. Org. Chem. 2007, 72, 7359–
7366. c) Trinh, T. T. H.; Nguyen, K. H.; de Aguiar Amaral, P.; Gouault, N. Beilstein J. 
Org. Chem. 2013, 9, 2042–2047. 
272  a) Nakajima, R.; Ogino, T.; Yokoshima, S.; Fukuyama, T. J. Am. Chem. Soc. 2010, 
132, 1236–1237. b) Wang, C.; Sperry, J. Org. Lett. 2011, 13, 6444–6447. c) Wang, C.; 
Sperry, J. Synlett 2012, 23, 1824–1828.  
273  Spittler, M.; Lutsenko, K.; Czekelius, C. J. Org. Chem. 2016, 81, 6100–6105. 
274  Chiba, H.; Oishi, S.; Fujii, N.; Ohno, H. Angew. Chem. Int. Ed. 2012, 51, 9169–9172. 
275  Sugimoto, K.; Toyoshima, K.; Nonaka, S.; Kotaki, K.; Ueda, H.; Tokuyama, H. Angew. 
Chem. Int. Ed. 2013, 52, 7168–7171. 
276  a) Bates, R. W.; Dewey, M. R. Org. Lett. 2009, 11, 3706–3708. b) Bates, R. W.; Lu, Y. 
J. Org. Chem. 2009, 74, 9460–9465. 
	 238	
 
Scheme 69. Syntheses of (–)-rhazinicine and (–)-rhazinilam. 
1.1.2. Reactions of alkynes with alkenes 
Cycloisomerizations of 1,n-enynes, generally coupled with tandem reactions, 
allow for an increase of molecular complexity in one step under very mild reaction 
conditions, and therefore these transformations have been widely used in the field of 
total synthesis. The total synthesis of sequiterpene ventricosene was accomplished 
through a key gold(I)-catalyzed cyclization of 1,6-enyne 157, which proceeded via 6-
endo-dig cyclization and subsequent semipinacol rearrangement to give rise to 
cyclobutanone 158 (Scheme 70).277 
 
Scheme 70. Synthesis of ventricosene. 
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The gold(I)-catalyzed cyclization of aryl-substituted 1,5-enyne 159 was used to 
construct the isoprenyl-substituted five-membered ring of 160 in the first total 
synthesis of (–)-cannabimovone (Scheme 71).278 
 
Scheme 71. Synthesis of (–)-cannabimovone. 
The total syntheses of hyperforin and papuaforins A-C have been achieved by 
using a gold(I)-catalyzed Conia-type reaction from 1,5-enynes 161 to construct the 
carbonyl-bridge bicyclic structure of intermediates 162 (Scheme 72). 279  Similar 
cyclizations were used in the syntheses of alkaloids (+)-lycopladine A280 and (+)-
fawcettimine,281 as well as in the total synthesis of platencin.282 This reaction has also 
been applied to the cyclization of 1,7-enynes in the total synthesis of the marine 
sesquiterpene (±)-gomerone C283 and also in the total synthesis of daphniphyllum 
alkaloid daphenylline.284 Another illustration of the utility of gold(I)-catalyzed Conia-
type cyclizations was recently disclosed in the total syntheses of akuammiline 
alkaloids (+)-strictamine, (–)-2(S)-cathafoline and (–)-aspidophylline A. 285  On the 
other hand, the enantioselective gold-catalyzed cycloisomerization of enynes was 
																																																								
278  Carreras, J.; Kirillova, M. S.; Echavarren, A. M. Angew. Chem. Int. Ed. 2016, 55, 
7121–7125. 
279  Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701–6704. 
280  Staben, S. T.; Kennedy-Smith, J. J.; Huang, D.; Corkey, B. K.; LaLonde, R. L.; Toste, 
F. D. Angew. Chem. Int. Ed. 2006, 45, 5991–5994.  
281  Linghu, X.; Kennedy-Smith, J. J.; Toste, F. D. Angew. Chem. Int. Ed. 2007, 46, 7671–
7673. 
282  Nicolaou, K. C.; Tria, G. S.; Edmonds, D. J. Angew. Chem. Int. Ed. 2008, 47, 1780–
1783. 
283  Huwyler, N.; Carreira, E. M. Angew. Chem. Int. Ed. 2012, 51, 13066–13069. 
284  Lu, Z.; Li, Y.; Deng, J.; Li, A. Nat. Chem. 2013, 5, 679–684. 
285  Moreno, J.; Picazo, E.; Morrill, L. A.; Smith, J. M.; Garg, N. K. J. Am. Chem. Soc. 
2016, 138, 1162–1165. 
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successfully applied in the synthesis of (+)-conolidine 286  and antidepressive drug 
candidate GSK1360707.287 
 
Scheme 72. Syntheses of hyperforin and papuaforins A-C. 
The cyclization of 3-silyloxy-1,5-enyne 163 coupled with a semipinacol 
rearrangement was used to construct the hexahydro-1H-inden-4(2H)-one core of 164, 
which was an intermediate in the total synthesis of (+)-sieboldine A (Scheme 73).288  
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Scheme 73. Synthesis of (+)-sieboldine A. 
The gold(I)-catalyzed cyclization of higher 1,n-enynes (n = 10-16) affords 
benzofused 9- to 15-membered rings incorporating a cyclobutene ring as a result of a 
formal [2+2] cycloaddition,289 which has been applied in the total syntheses of (+)-
rumphellaone A and (+)-hushinone.290 Thus, aryl-tethered 1,10-enyne 165 gave rise to 
cyclobutene 166 that contains the four-membered ring present in both natural 
products (Scheme 74). 
 
Scheme 74. Syntheses of rumphellaone A and hushinone. 
Intramolecular [2+2+2] alkyne/alkene/carbonyl cycloadditions catalyzed by 
gold(I) 291  have been exploited for the synthesis of several oxygen-bridged 
sesquiterpenoids. Thus, 168 bearing the oxatricyclic skeleton of (+)-orientalol F was 
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stereoselectively accessed from the ketoenyne E-167 (Scheme 75). 292 The key step of 
the synthesis of pubinernoid B proceeded analogously starting from Z-167.  
 
Scheme 75. Syntheses of (+)-orientalol F and pubinernoid B. 
The stereospecific [2+2+2] alkyne/alkene/carbonyl cycloaddition was also 
applied in the synthesis of antitumor sesquiterpene (–)-englerin A in two independent 
syntheses from ketoenynes 170 (Scheme 76). 293  It is remarkable that in both 
approaches the unprotected aldol subunit could be used as the substrate for the 
gold(I)-catalyzed reaction. 
 
Scheme 76. Syntheses of (–)-englerin A. 																																																								
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3519. b) Zhou, Q.; Chen, X.; Ma, D. Angew. Chem. Int. Ed. 2010, 49, 3513–3516. 
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The formation of alkenylsilanes from allylsilylalkynes in the presence of an 
external alcohol294 was used as one of the key steps to complete the total synthesis of 
(–)-amphidinolide V.295 On the other hand, the gold(I)-catalyzed cyclization of 1,6-
enyne 172 bearing a propargylic acetoxy moiety was reported as part of the total 
synthesis of antiviral sesquiterpene (+)-schisanwilsonene A. 296   The 5-exo-dig 
cyclization of 172 followed by the 1,5-migration of the acetoxy group gave rise to 
α,β-unsaturated carbene 173,233 which was able to react intermolecularly with an 
alkene to afford the corresponding cyclopropane 174 with only 5% loss of 
enantiomeric excess (Scheme 77). It is noteworthy that the cyclization/1,5-acetoxy 
migration is faster than the alternative 1,2-acyloxy migration, which would lead to 
racemization.  
 
Scheme 77. Synthesis of (+)-schisanwilsonene A. 
The total syntheses of three sesquiterpenes, namely (–)-4β,7α-
aromadendranediol, (–)-epiglobulol, and (–)-4α,7α-aromadendranediol, have been 
accomplished by a stereodivergent gold(I)-catalyzed reaction from 175 as the 
common precursor (Scheme 78).297 The reaction can take place intramolecularly by 
1,5-migration of OBn to afford 176, or intermolecularly in the presence of allyl 
alcohol as an external nucleophile to form 177. 																																																								
294  Horino, Y.; Luzung, M. R.; Toste, F. D. J. Am. Chem. Soc. 2006, 128, 11364–11365. 
295  Volchkov, I.; Lee, D. J. Am. Chem. Soc. 2013, 135, 5324–5327.	
296  Gaydou, M.; Miller, R. E.; Delpont, N.; Ceccon, J.; Echavarren, A. M. Angew. Chem. 
Int. Ed. 2013, 52, 6396–6399. 
297  Carreras, J.; Livendahl, M.; McGonigal, P. R.; Echavarren, A. M. Angew. Chem. Int. 
Ed. 2014, 53, 4896–4899. 
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Scheme 78. Syntheses of aromadendrane sesquiterpenes. 
1.1.3. Reactions of propargyl carboxylates 
Enynes bearing propargylic α-acyloxy substituents can react with gold(I) by two 
parallel pathways, depending on the order of attack of the acyloxy group or the alkene 
onto the alkyne. If the alkene reacts first, then the cyclopropyl gold carbene can suffer 
an intramolecular attack of the acyloxy group on the carbene. On the other hand, the 
acyloxy group can first undergo a 1,2-migration to form a carbene that can then 
undergo intramolecular cyclopropanation, which is known as the Ohloff-
Rautenstrauch (or simply Rautenstrauch) rearrangement, following the original 
discovery of the reaction catalyzed by zinc(II) or palladium(II).298 This transformation 
was applied to construct the bicyclo[3.1.0]ketone core of sesquisabinene A, 
sesquithujene, and other related terpenoids, as well as in the formal synthesis of 
cedrene and cedril.299  
																																																								
298  a) Strickler, H.; Davis, J. B.; Ohloff, G. Helv. Chim. Acta 1976, 59, 1328–1332. b) 
Rautenstrauch, V. J. Org. Chem. 1984, 49, 950–952. 
299  Fürstner, A.; Schlecker, A. Chem. Eur. J. 2008, 14, 9181–9191. 
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α,β-Unsaturated ketones can be efficiently prepared by a gold(I)-catalyzed 
Meyer-Schuster-like rearrangement from propargyl carboxylates 300  or alcohols, 301 
which was nicely illustrated in the total syntheses of (+)-anthecotulide,302 α-ionone,303 
(–)-cis-α-irone,304 and bimatoprost and latanoprost.305 Similarly, one of the key steps 
in the total synthesis of (–)-spinosyn A involved the gold-mediated rearrangement of 
the propargylic acetate 178 in the presence of NIS to form an α-iodoenone 179, which 
was the substrate for the carbonylative Heck-type macrolactonization that led to the 
polycyclic skeleton of the natural product (Scheme 79).306 
 
Scheme 79. Synthesis of (–)-spinosyn A. 
																																																								
300  a) Yu, M.; Li, G.; Wang, S.; Zhang, L. Adv. Synth. Catal. 2007, 349, 871–875. b) 
Marion, N.; Carlqvist, P.; Gealageas, R.; de Frémont, P.; Maseras, F.; Nolan, S. P. 
Chem. Eur. J. 2007, 13, 6437–6451.  
301  a) Pennell, M. N.; Unthank, M. G.; Turner, P.; Sheppard, T. D. J. Org. Chem. 2011, 76, 
1479–1482. b) Egi, M.; Yamaguchi, Y.; Fujiwara, N.; Akai, S. Org. Lett. 2008, 10, 
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An, J.-H.; Yun, H.; Shin, S.; Shin, S. Adv. Synth. Catal. 2014, 356, 3749–3754. 
302  Hodgson, D. M.; Talbot, E. P. A.; Clark, B. P. Org. Lett. 2011, 13, 5751–5753. 
303  Merlini, V.; Gaillard, S.; Porta, A.; Zanoni, G.; Vidari, G.; Nolan, S. P. Tetrahedron 
Lett. 2011, 52, 1124–1127. 
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799. 
305  Zanoni, G.; D’Alfonso, A.; Porta, A.; Feliciani, L.; Nolan, S. P.; Vidari, G. 
Tetrahedron 2010, 66, 7472–7478. 
306  Bai, Y.; Shen, X.; Li, Y.; Dai, M. J. Am. Chem. Soc. 2016, 138, 10838–10841. 
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The cyclization of acetoxy-1,6-enyne 180 by 1,3-acyloxy migration, followed 
by a Nazarov-type electrocyclization afforded tetracycle 181, which was used in the 
total synthesis of the marine triquinane sesquiterpene capnellene (Scheme 80).307 
 
Scheme 80. Synthesis of capnellene. 
1.1.4. Hydroarylation reactions 
An application of the formation of 2H-chromenes such as 183, which was 
accessed by intramolecular hydroarylation of 182, is found in the synthesis of the 
tetracyclic core of berkelic acid (Scheme 81).308 
 
Scheme 81. Synthesis of the tetracyclic core of berkelic acid. 
The cyclization of aryl propiolates gives rise to coumarin derivatives as 
exemplified in the total syntheses of pimpinellin, fraxetin, and purpurasol (Scheme 
82).309 Furthermore, the total syntheses of (–)-cryptopleurine310 and reticuol311 were 
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respectively accomplished through the gold(I)-catalyzed 6-endo-dig and 7-exo-dig 
cyclization of an arylalkyne. 
 
Scheme 82. Syntheses of coumarin-containing natural products. 
The cyclization of heteroarylalkynes has also found application in the context of 
total synthesis. Thus, the intramolecular gold(I)-catalyzed hydroarylation of a 3-
substituted furan was used as the key step in the total syntheses of 
furanosesquiterpenes crassifolone and dihydrocrassifolone. 312  The gold-catalyzed 
synthesis of phenols from alkynyl furans was also applied in the synthesis of 
jungianol and epi-jungianol.313 Moreover, the cyclization of alkynylindoles bearing a 
nucleophile at the 3-position has been used in the formal total synthesis of the indole 
alkaloid minfiensine.314  
The selective 8-endo-dig gold-catalyzed cyclization of alkynyl indole 186 
allowed the assembly of 187, which features the tetracyclic core present in some of 
the Kopsia alkaloids.175b,315 This transformation has recently been used as one of the 
key synthetic steps in a unified approach towards the synthesis of the lundurines, 
which enabled the shortest and most efficient enantioselective total synthesis of 																																																								
312  Menon, R. S.; Banwell, M. G. Org. Biomol. Chem. 2010, 8, 5483–5485. 
313  Hashmi, A. S. K.; Ding, L.; Bats, J. W.; Fischer, P.; Frey, W. Chem. Eur. J. 2003, 9, 
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314  Liu, Y.; Xu, W.; Wang, X. Org. Lett. 2010, 12, 1448–1451. 
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lundurines A and B, as well as the first enantioselective total synthesis of lundurine C, 
whose absolute configuration was assigned from the X-ray crystal structure of its N-
Me ammonium salt (Scheme 83).316,317  
 
Scheme 83. Total syntheses of lundurines A-C. 
The gold(I)-catalyzed synthesis of carbazoles has been applied to the first total 
synthesis of naturally occurring alkaloid karapinchamine A (Scheme 84). 318  This 
transformation presumably proceeds by initial 1,3-shift of the benzoate functionality 
in 188 followed by nucleophilic attack of the indole to the allenyl gold(I) 
intermediate. 
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Scheme 84. Synthesis of karapinchamine A. 
The intramolecular hydroarylation of allenes in the presence of gold(I) 
complexes has also proved to be effective for the assembly of polycyclic scaffolds 
present in natural products, as exemplified by the total syntheses of flinderole B319 
and (–)-rhazinilam.320  
1.1.5. Oxidative reactions 
The inter- or intramolecular oxidation of alkynes catalyzed by gold(I) 
complexes has been described using sulfoxides,321 pyridine N-oxides,322 nitrones,323 
nitroso- and nitrobenzenes,324 as well as epoxides325 as the oxidizing agent. These 
processes have been proposed to proceed by initial nucleophilic attack of the oxidant 																																																								
319  Zeldin, R. M.; Toste, F. D. Chem. Sci. 2011, 2, 1706–1709. 
320  Liu, Z.; Wasmuth, A. S.; Nelson, S. G. J. Am. Chem. Soc. 2006, 128, 10352–10353. 
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Toste, F. D. J. Am. Chem. Soc. 2007, 129, 4160–4161. 
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Zhang, G.; Peng, Y.; Zhang, L. Org. Lett. 2009, 11, 1225–1228. c) Lu, B.; Li, C.; 
Zhang, L. J. Am. Chem. Soc. 2010, 132, 14070–14072. d) Ye, L.; He, W.; Zhang, L. 
Angew. Chem. Int. Ed. 2011, 50, 3236–3239. e) Qian, D.; Zhang, J. Chem. Commun. 
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S. K. Chem. Eur. J. 2014, 20, 14868–14871. i) Ji, K.; Zhang, L. Org. Chem. Front. 
2014, 1, 34–38. 
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Yeom, H. S.; Lee, Y.; Jeong, J.; So, E.; Hwang, S.; Lee, J. E.; Lee, S. S.; Shin, S. 
Angew. Chem. Int. Ed. 2010, 49, 1611–1614. c) Mukherjee, A.; Dateer, R. B.; 
Chaudhuri, R.; Bhunia, S.; Karad, S. N.; Liu, R.-S. J. Am. Chem. Soc. 2011, 133, 
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2064. 
N OH
OBz
1) IPrAuCl/AgSbF6
(2.5 mol%)
4 Å MS, DCE, 80 ºC N
OH
2) K2CO3, NMP, 150 ºC
karapinchamine A
68% (2 steps)
188
	 250	
to the π-alkyne gold(I) complex to give the product of anti-type addition, which 
generates a transient α-oxo gold(I) carbene (Scheme 85),326  although most likely 
gold(I) carbenoids that result from the attack of the nucleophile to the highly reactive 
gold(I) carbene intermediate are also involved.327  
 
Scheme 85. Generation of α-oxo gold(I) carbenes and gold(I) carbenoids by oxidation 
of alkynes. 
An intramolecular oxidation of terminal alkynes with N-oxides was used in the 
total synthesis of the alkaloid (±)-decinine for the construction of the key 
quinolizinone intermediate 190 (Scheme 86).328 Similarly, a formal [4+2] approach 
for the synthesis of piperidin-4-ones via gold-catalyzed oxidative cyclization has been 
used as a key strategy for the synthesis of (+)-lenginosine.329 
 
Scheme 86. Synthesis of (±)-decinine. 
The gold(I)-catalyzed synthesis of optically active γ-lactams by tandem 
cycloisomerization/oxidation of homopropargyl amides was applied in the synthesis 
of (–)-bgugaine.330 A similar strategy has been used in the total synthesis of (–)-																																																								
326  a) Zhang, L. Acc. Chem. Res. 2014, 47, 877–888. b) Zheng, Z.; Wang, Z.; Wang, Y.; 
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irniine.331 In a different example, the oxidative cyclization of o-ethynylanisole 191 
gave access to 3-coumaranone 192, which was subsequently converted into sulfuretin 
(Scheme 87).332 
 
Scheme 87. Synthesis of sulfuretin. 
The gold(I)-catalyzed regioselective oxidation of internal alkynes to form α,β-
unsaturated ketones322c was applied in the enantioselective syntheses of (–)-citrinadin 
A333 and (+)-citrinadin B (Scheme 88).334 
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Scheme 88. Total syntheses of (–)-citrinadine A and (+)-citrinadine B. 
The first enantioselective total synthesis of sesquiterpene (–)-nardoaristolone B 
was accomplished in seven steps with 14-17% overall yield through the gold(I)-
catalyzed oxidative cyclization of dienyne precursor 197 with IPrAuNTf2 in the 
presence of 3,5-dichloropyridine N-oxide, followed by the allylic oxidation of 198 
(Scheme 89).335 
																																																								
335  Homs, A.; Muratore, M. E.; Echavarren, A. M. Org. Lett. 2015, 17, 461–463. 
N
HN
OH H R
NHMe
O
Ph3PAuNTf2, THF
N
O
Br
N
HN
OH H R
NHMe
O
O
R = O
O
NMe2
N
HN
OH H R
NHMe
O
O
O
75%
(–)-citrinadine A 81% (dr = 5:1)
NMe2
OH
Et2Zn, O2, PhMe
N
HN
OH H
N3
O
Ph3PAuNTf2, THF
N
O
Br
N
HN
OH H
N3
O
O
N
HN
OH H
NHMe
O
O
O
73%
(+)-citrinadine B
193 194
195 196
	 253	
 
Scheme 89. Total synthesis of (–)-nardoaristolone B. 
1.2.  Gold-Catalyzed Addition of Heteronucleophiles to Enynes 
Gold complexes catalyze the addition of amines, alcohols, or water to enynes 
leading to products of amino-, alkoxy-, or hydroxycyclization under much milder 
conditions than other metal catalysts.177a,178a,205a,336 These additions are stereospecific 
as evidenced by the alkoxycyclization of diastereomeric enynes 199, which affords 
diastereomeric products 200, and proceed via opening of the cyclopropyl gold(I) 
carbenes that result from the enyne cyclization by the attack of the nucleophile to the 
cyclopropane ring (Scheme 90). Thus, the overall process is an anti-addition of the 
alkyne-gold(I) complex and the heteronucleophile to an alkene following the 
Markovnikov regiochemistry, which is further demonstrated in the alkoxycyclization 
of enynes of type 201 bearing a gem-disubstituted alkene. The enantioselective 
hydroxy- and alkoxycyclizations of 1,6-enynes catalyzed by a chiral biphosphine-gold 
complex 337  or by NHC-gold(I) complexes 338  proceed with moderate to good 
enantioselectivities. Analogous additions of heteronucleophiles to 1,5-181a,336d and 1,7-
enynes180 are also stereospecific. 
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Scheme 90. anti-Addition of MeOH to 1,6-enynes. 
1,6-Enynes such as 203 bearing an aryl substituent at the alkyne terminus 
undergo a similar 5-exo methoxycyclization in the presence of gold(I) and MeOH 
(Scheme 91).178a However, similar 1,6-enynes of type 205 tethered by a benzene ring 
undergo gold(I)-catalyzed hydroxy- or alkoxycyclizations preferentially via 6-endo-
dig pathway giving rise to dihydronaphthalenes.339 
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Scheme 91. Hydroxy- and alkoxycyclization of 7-arylsubstituted 1,6-enynes. 
Propargyl vinyl ethers in the presence of gold(I) and water or alcohols undergo 
a Prins-type reaction to form dihydropyrans stereospecifically.340  Furthermore, N-
heteronucleophiles such as carbamates and anilines react intermolecularly with 1,6-
enynes to form amino-functionalized carbo- or heterocycles.341  
1,n-Enynes also react intermolecularly with carbonyl compounds giving rise to 
a wide range of products depending on the substitution pattern of the alkene and the 
nature of the carbonyl compound. Thus, 1,6-enynes of type 207 react with aromatic 
aldehydes in a formal [2+2+2] cycloaddition to give oxabicyclic adducts 210 together 
with 1,3-dienes 211 that result from a metathesis-type reaction of the enyne with the 
aldehyde (Scheme 92).342 The formation of these products can be explained by the 
attack of the aldehyde to the cyclopropyl gold carbene intermediate to form 208 and 
subsequent Prins-type cyclization followed by either demetalation of fragmentation of 
intermediate 209. 1,7-Enynes also undergo similar [2+2+2] cycloadditions with 
carbonyl compounds to give analogous products.343 On the other hand, following a 
related mechanism, 1,6-enynes 207 react with cyclopropenones in a ring-expanding 																																																								
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341  a) Leseurre, L.; Toullec, P. Y.; Genêt, J.-P.; Michelet, V. Org. Lett. 2007, 9, 4049–
4052. b) Miller, R. E.; Carreras, J.; Muratore, M. E.; Gaydou, M.; Camponovo, F.; 
Echavarren, A. M. J. Org. Chem. 2016, 81, 1839–1849. 
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spiroannulation to afford spirocyclic cyclopentenones of type 215 after incorporation 
of a molecule of water to the rearranged intermediate 214.344 
 
Scheme 92. Intermolecular reaction of 1,6-enynes and carbonyl compounds. 
1,6-Enynes 216 bearing a monosubstituted alkene react with aldehydes and 
ketones in a different way to afford tricyclic products 219, presumably by trapping of 
the rearranged carbene that results from the enyne cyclization, followed by a Prins 
cyclization and demetalation of 218 (Scheme 93).345 
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Scheme 93. Reaction of 1,6-enynes 216 with carbonyl compounds via rearrangement. 
The alkoxycyclizations can also take place intramolecularly starting from 
hydroxyl-1,6-enynes,178a,336d and the resulting adducts may further evolve increasing 
molecular complexity. As an example, the synthesis of 4-oxa-6-
azatricyclo[3.3.0.02,8]octanes 221 was reported by a complex gold-catalyzed 
cycloisomerization of alkynyl hydroxyallyl tosylamides 220 in the presence of 
Ph3PAuCl and AgSbF6 (Scheme 94).346 
 
Scheme 94. Synthesis of 4-oxa-6-azatricyclo[3.3.0.02,8]octanes 221 from alkynyl 
hydroxyallyl tosylamides. 
The intramolecular amino- or alkoxycyclization of amino- or hydroxy-1,5-
enynes 222 yields spirofused heterobicyclic compounds 224 by intramolecular attack 
to cyclopropyl gold(I) carbene intermediate 223 (Scheme 95).347 In a similar vein, 
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1,n-enynes bearing nucleophilic moieties such as carboxylic acids,336d, 348 
cabamates, 349  or carbonates 350  are also prone to undergo gold-catalyzed tandem 
cyclizations giving rise to a variety of complex molecular architectures.  
 
Scheme 95. Intramolecular amino- or alkoxycyclization of 1,5-enynes 222. 
Oxo-1,6-enynes 225 also react in the presence of gold(I) by a formal [2+2+2] 
alkyne/alkene/carbonyl cycloaddition to afford predominantly oxatricyclic 
compounds 229, together with minor amounts of dienes 230 that result from the 
formal metathesis-type reaction (Scheme 96).291 This transformation has been used as 
the key step in the synthesis of several oxygen-bridged sesquiterpenoids.292,293 
Mechanistically these reactions proceed via intramolecular attack of the carbonyl to 
the cyclopropyl gold carbene intermediates 226 to form the corresponding oxonium 
cations 227, which undergo a Prins-type cyclization. Demetalation of the resulting 
intermediates 228 forms oxatricycles 229, whereas an alternative elimination with 
fragmentation of the seven-membered ring leads to the formation of dienes 230. Oxo-
1,5-enynes also undergo an intramolecular [2+2+2] cycloaddition to give the 
corresponding tricyclic derivatives.351 
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Scheme 96. Intramolecular [2+2+2] alkyne/alkene/carbonyl cycloaddition of oxo-1,6-
enynes 225. 
Terminal alkynes and oxoalkenes undergo an analogous [2+2+2] cycloaddition 
reaction by intermolecular cyclization of the alkyne and the alkene followed by 
intramolecular attack of the carbonyl group in 231 to form 8-oxabicyclo[3.2.1]oct-3-
enes 232 (Scheme 97).352 
 
Scheme 97. Intermolecular [2+2+2] cycloaddition of terminal alkynes with 
oxoalkenes. 
1,6-Enynes bearing a methoxy or other OR group at the propargylic position 
undergo an intramolecular 1,5-OR migration in the presence of gold(I) to form α,β-
unsaturated gold carbenes that can be subsequently trapped intra- or intermolecularly 
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by different nucleophiles,233, 353  which has been successfully applied in the total 
syntheses of several sesquiterpenes.296,297  
1.3.  Echinopines A and B 
Echinopines A and B were isolated in 2008 from the roots of Echinops 
spinosus. 354  The structure of these sesquiterpenoids feature an unprecedented 
[3,5,5,7]-membered-ring tetracyclic skeleton that holds five contiguous stereogenic 
centers, being two of them adjacent quaternary stereocenters (Figure 28). It has been 
suggested that this framework probably originates biosynthetically from a guaiane 
precursor through a sequence of skeletal rearrangements. 
 
Figure 28. Structure of echinopines A and B (left) and Echinops spinosus (right). 
Despite the fact that no biological activity has been reported to date for the 
echinopines, their unique architecture has constituted an appealing challenge for the 
synthetic community and therefore several formal and total syntheses of these natural 
products have been accomplished to date.355  
1.3.1. Magauer, Mulzer, and Tiefenbacher’s total synthesis (2009)356 
It was only one year after their isolation when the first enantioselective total 
synthesis of the echinopines was reported, which allowed the determination of the 
absolute configuration of these sesquiterpenes by single crystal analysis. The highly 																																																								
353  Calleja, P.; Pablo, Ó.; Ranieri, B.; Gaydou, M.; Pitaval, A.; Moreno, M.; Raducan, M.; 
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strained seven-membered ring was built by RCM of the suitably functionalized 
bicyclo[3.30]octane derivative, which was accessed from inexpensive 1,5-
cyclooctadiene (Scheme 98). The preparation of the RCM precursor 234 involved a 
stereoselective installation of the vinyl moiety on the concave side of the 
bicyclo[3.3.0]octane core of 233 through Myers’ [3,3]-sigmatropic rearrangement 
followed by allylation and epimerization under basic conditions to give the desired 
pure cis-diastereoisomer. Installation of the cyclopropane ring was accomplished 
from the [5,5,7] scaffold by cyclopropanation of the corresponding tetrasubstituted 
olefin, and late stage alkene functionalization allowed the introduction of the 
secondary alcohol in 235, which eventually led to the exocyclic double bond thus 
giving rise to target echinopines. Hence, the first enantioselective synthesis of 
echinopine A, which is easily converted into echinopine B through esterification, was 
accomplished in 20 steps in 1% overall yield. 
 
Scheme 98. Magauer, Mulzer, and Tiefenbacher’s enantioselective total synthesis of 
the echinopines. 
1.3.2. Nicolaou and Chen’s total synthesis (2010)357 
Chen and Nicolaou reported in 2010 the second asymmetric total synthesis of 
the echinopines. In this approach the seven-membered ring was assembled  from 237 
through a late stage intramolecular SmI2-mediated pinacol coupling, whereas the 
cyclopropane ring and one of the cyclopentane rings were simultaneously built 
through an intramolecular cyclopropanation of the corresponding exocyclic olefin 
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precursor 236, which was prepared in 11 steps from cyclohexenone (Scheme 99). The 
total synthesis of echinopines A (and B) was thus completed in 37 (38) steps in an 
overall 0.79% (0.73%) yield. 
 
Scheme 99. Nicolaou and Chen’s enantioselective total synthesis of the echinopines. 
1.3.3. Chen’s formal synthesis (2011)358 
The group of Chen reported one year later a formal asymmetric synthesis of the 
echinopines based on the assembly of a [5,6,7] tricyclic intermediate 240 by means of 
a tandem Pd-catalyzed cycloisomerization/intramolecular Diels-Alder sequence from 
dienyne substrate 239 (Scheme 100). This tricycle was subsequently converted into 
the [5,5,7] precursor of the natural products 241 already described by Magauer, 
Mulzer, and Tiefenbacher,356 which was obtained in 25 steps in an overall 0.6% yield. 
 
Scheme 100. Chen’s asymmetric formal synthesis of the echinopines. 
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1.3.4. Chen’s total synthesis (2011)359 
As an extension of the dienyne cyloisomerization/Diels-Alder strategy 
developed for the formal synthesis of the echinopines,358 the same group reported in 
2011 an asymmetric total synthesis of these natural products in which a conceptually 
different [5,6,7]-[5,7]-[3,5,5,7] ring forming sequence was followed relying on a 
bioinspired late-stage intramolecular cyclopropanation (Scheme 101). The [5,6,7] 
tricyclic ketone 243 that results from the cycloisomerization/cycloaddition cascade 
from 242 was subjected to an Eschenmoser fragmentation and subsequently converted 
into the [5,7] bicyclic enyne 245 required for the late-stage cyclopropanation, which 
proceeded in moderate 32% yield in the presence of a Ru(II) complex. Thus, the 
asymmetric total synthesis of echinopine B was accomplished in 0.3% overall yield 
over 26 steps. 
 
Scheme 101. Chen’s asymmetric total synthesis of the echinopines. 
1.3.5. Vanderwal’s total synthesis (2012)360 
Vanderwal reported in 2012 the total synthesis of (±)-echinopine B following a 
bioinspired cycloisomerization of a guaiane-like enyne precursor (Scheme 102). 
Ketone 246 was subjected to a modified Saegusa-type ring expansion sequence to 
afford cycloheptenone 247, which was subsequently converted into [5,7] bicyclic 
enyne 248 through an annulation/olefination sequence followed by introduction of the 																																																								
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propargylic ether. Treatment of crude 248 with catalytic amounts of PtCl2 gave rise to 
the echinopine skeleton in a modest 38% yield as a 2:1 mixture of Z/E 
diastereisomers. Further experiments from diastereomerically pure 248 resulted in the 
formation of 249 in 56% yield. Final enol ether oxidation provided racemic 
echinopine B in overall 0.9% yield over 13 steps. 
 
Scheme 102. Vanderwal’s total synthesis of echinopine B. 
1.3.6. Liang’s total synthesis (2013)361 
In a different approach, the echinopines were accessed from cis-fused 
bicyclo[5.3.0]decane intermediate 251, which was assembled from 246 via trans-
decalin 250 through a Tiffeneau-Demjanov rearrangement (Scheme 103). The 
tetracyclic skeleton of the echinopines was obtained through irradiation of pyrazoline 
253, which resulted from the intramolecular 1,3-dipolar cycloaddition of diazo 
intermediate 252. Final homologation provided echinopine B in 2.2% overall yield 
over 18 steps. 
 
Scheme 103. Liang’s total synthesis of racemic echinopines. 																																																								
361  Xu, W.; Wu, S.; Zhou, L.; Liang, G. Org. Lett. 2013, 15, 1978–1981.  
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1.3.7. Rigby’s formal synthesis (2015)362 
Rigby’s group recently reported a formal synthesis of the echinopines 
following a distinctly different approach that relies on an intramolecular radical 
cyclization of xanthate 257 to obtain the advanced tricyclic intermediate 258 
previously reported by Magauer, Mulzer, and Tiefenbacher356 (Scheme 104). The 
bicyclo[4.2.1]nonane core of 257 was concisely assembled thorugh a Cr(0)-promoted 
photochemical [6+2] cycloaddition from 255. Hence, the formal synthesis of racemic 
echinopines was achieved in 26% over 5 steps. 
 
Scheme 104. Rigby’s formal synthesis of racemic echinopines. 
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2. OBJECTIVES 
In recent years several formal and total syntheses of the echinopines have been 
reported. The key feature in all these syntheses is the establishment of the unique 
[3,5,5,7] skeleton of these sesquiterpenes, and to this aim conceptually very different 
ring-forming sequences have been successfully established. Nevertheless, the 
assembly of the complex polycyclic framework of the echinopines is not easily 
addressed by conventional methods, as evidenced by the lengthy existing syntheses, 
and is in most of the cases delayed to one of the last steps of the sequence. 
A concise assembly of the tetracyclic skeleton of the echinopines could easily 
provide access to a library of structural analogues for further evaluation of their 
biological properties. In this context, we envisioned a gold(I)-catalyzed 
alkoxycyclization of cyclopropyl-tethered tricyclic 1,5- (259) or 1,6-enynes (260) as 
the key step for the ready access to the tetracyclic core of the echinopines via 5-endo 
or 5-exo cyclization, respectively (Scheme 105). This transformation would 
stereoselectively lead to echinopine-based tetracyclic products bearing different 
groups suited for further functionalization. 
 
Scheme 105. Proposed synthesis of the [3,5,5,7]-tetracyclic skeleton of the 
echinopines. 
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3. RESULTS AND DISCUSSION 
We envisioned that compounds 261 and 262, which feature the [3,5,5,7] 
tetracyclic skeleton of the echinopines, could be obtained through the gold(I)-
catalyzed alkoxycyclization of enynes of type 259 and 260, respectively (Scheme 
106). This transformation would proceed through cyclopropyl gold(I) carbene 
intermediates 263 and 264, which would correspondingly result from the 5-endo-dig 
and 6-exo-dig cyclization of enynes 259 and 260. Our approach for the synthesis of 
these tricyclic enynes relied on a cobalt-catalyzed [6+2] cycloaddition between 
cycloheptatriene and an internal alkyne as the key step to build the 
bicyclo[4.2.1]nonane core.363 
 
Scheme 106. Retrosynthetic approach to the echinopines skeleton via gold(I)-
catalyzed alkoxycyclizations of enynes. 
3.1.  Studies Towards the Echinopines Skeleton: 1,5-Enynes 
In our case of study an unsymmetric difunctionalized internal alkyne was 
necessary as the substrate for the Co-catalyzed [6+2] cycloaddition in order to 
eventually obtain the enyne precursors required for the gold-catalyzed 
alkoxycyclization step. Thus, we started our investigations towards the synthesis of 
the echinopine skeleton by examining the Co-catalyzed [6+2] cycloaddition of 																																																								
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orthogonally protected diol 265a with cycloheptatriene. In contrast to the reported 
examples for the cycloaddition of internal alkynes with cycloheptatriene,363b the 
conversion of 265a into the desired cycloadduct 266a procceeded in only 11% yield 
at room temperature as determined by NMR spectroscopy (Table 25, entry 1). Higher 
reaction temperatures led to complete conversion of the starting alkyne, albeit the 
yield of 266a was still modest (Table 25, entries 2,3). Longer reaction times resulted 
in a dramatic decrease of the yield of 266a (Table 25, entry 4), indicating that most 
likely the product decomposes under the reaction conditions. In contrast, increasing 
the reaction concentration resulted in the clean formation of the desired cycloadduct, 
which could be isolated in up to 80% yield (Table 25, entry 5). 
Table 25. Optimization of the Co-catalyzed [6+2] cycloaddition.a 
 
Entry T (ºC) M Time (h) Conversion (%)b Yield 266a (%)b 
1 25 0.5 16 19 11 
2 50 0.5 16 100 45 
3 80 0.5 16 100 39 
4 50 0.5 48 100 7 
5 50 1 16 100 86 (80) 
aReactions conducted at 0.1 mmol scale. bDetermined by 1H NMR using 1,4-
diacetoxybenzene as the internal standard. Isolated yield in brackets. 
Cycloadduct 266a, which could be prepared in a multigram scale under the 
optimized reaction conditions, afforded tricyclic alcohol 268a upon deprotection of 
the silyl-protected alcohol and cyclopropanation of the tetrasubstituted olefin from the 
less sterically hindered face (Scheme 107). Oxidation of the primary alcohol and 
subsequent homologation employing the Ohira-Bestmann reagent provided 1,5-enyne 
259a. 
OMeTBSO+
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CoBr2 (5 mol%)
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Zn (10 mol%)
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OMe
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Scheme 107. Synthesis of tricyclic 1,5-enyne 259a. 
Initial attempts to perform the alkoxycyclization of 259a using methanol as the 
external nucleophile in the presence of different cationic gold(I) complexes A-D only 
provided methyl ketone 270 as a result of the formal hydration of the terminal alkyne 
(Scheme 108).172a,c,248 Moreover, when the reaction was performed under strictly 
anhydrous conditions, the corresponding dimethyl acetal 271 could be isolated, which 
rapidly decomposed to 270 under ambient conditions. This result demonstrates that 
the addition of methanol to the terminal alkyne of 259a is favored over the attack of 
the alkene moiety. Similar results were obtained when other alcohols were employed 
as the external nucleophiles. 
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Scheme 108. Formal hydration of 259a. 
The use of carbonucleophiles such as indole, 1,3-diketones, and electron-rich 
benzenes only resulted in the recovery of unreacted 259a. Nevertheless, when the 
reaction of 259a was performed with commercially available gold(I) complex A in 
the presence of acetic acid, complete conversion was achieved in 1 h, leading to the 
formation of rearranged product 272 in up to 61% yield (Scheme 109). The use of 
other gold(I) complexes and protic acids led to similar results. A closer mechanistic 
inspection of this transformation suggested that the gold(I)-catalyzed reaction initially 
forms intermediate 274 that rearranges to form allyl cation 275, which is trapped by 
acetic acid. DFT calculations indicated that the formation of intermediate 276 that 
leads to 272 is thermodynamically favored over the formation of 277, which is 
predicted to be the driving force for the rearrangement to take place. This result 
further illustrates the influence of the cyclopropane functionality on the reaction 
pathways followed in the gold(I)-catalyzed cyclizations of cyclopropane-tethered 1,5-
enynes364 and underscores the propensity of the strained tetracyclic system of the 
echinopines to undergo rearrangements.360 
																																																								
364  Chen, G.-Q.; Fang, W.; Wei, Y.; Tang, X.-Y.; Shi, M. Chem. Sci. 2016, 7, 4318–4328. 
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Scheme 109. Gold-catalyzed rearrangement of 259a. Numbers in parentheses 
correspond to relative free energies in kcal·mol-1 (M06/6-31G(d) (C, H, P, O) and 
SDD (Au), solvent = CH2Cl2). L = PMe3. 
In order to unequivocally ensure the structure of 272, the acetate moiety was 
cleaved to form alcohol 278, which was isolated as a single diastereoisomer and 
converted into the corresponding crystalline p-nitrobenzoate derivative 279, whose 
structure was confirmed by X-ray diffraction (Scheme 110).  
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Scheme 110. Synthesis of 279 from acetate 272. CYLview depiction of the X-ray 
crystal structure of 279. 
In addition, a related system having one of the double bonds reduced was also 
targeted with the aim of promoting a rearrangement toward the echinopine skeleton 
on the basis of the higher stability of carbocation 281 over 280 predicted by DFT 
calculations (Scheme 111).  
 
Scheme 111. Proposed isomerization of 280. Numbers in parentheses correspond to 
relative free energies in kcal·mol-1 (M06/6-31G(d), solvent = CH2Cl2). 
The hydrogenation of diene 278 was studied under 1 atmosphere of H2 in the 
presence of several metal catalysts (Table 26). The use of heterogeneous catalysts 
resulted in the complete hydrogenation of 278 leading to the formation of saturated 
tetracyle 282 (Table 26, entries 1-3). The use of Wilkinson’s catalyst (E) resulted in 
the clean recovery of unreacted 278 after prolonged reaction times (Table 26, entry 4). 
In contrast, the use of Ir(I)-based Crabtree’s catalyst F resulted in the exclusive 
formation of 283 by the selective reduction of the double bond neighboring the 
hydroxyl group (Table 26, entry 5). This reaction could be carried out at a 0.23 mmol 
scale, which enabled the isolation of 283 in 91% yield. 
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Table 26. Hydrogenation of 278.a 
 
Entry Catalyst Time (h) Conversion (%)b Yield 282 (%)b 
Yield 283 
(%)b 
1 Pd(OH)2 0.5 100 100 0 
2 PtO2 0.5 100 100 0 
3 Pd/C 0.5 100 26 74 
4 
 
24 0 0 0 
5 
 
1 100 0 100 (91)c 
aReactions conducted at 0.025 mmol scale. bDetermined by 1H NMR from the crude mixtures. 
cIn brackets isolated yield from the reaction conducted at 0.23 mmol scale. 
The attempts to directly generate tertiary carbocation 280 by treating 283 with 
strong acids resulted in the rapid decomposition of the starting material. Thus, triflate 
284 was envisioned as an alternative precursor of the desired tertiary carbocation. 
However, under different reaction conditions 284 could not be isolated, and non-
rearranged elimination product 285 was isolated instead (Scheme 112). 
 
Scheme 112. Synthesis of 285. 
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3.2. Studies Towards the Echinopines Skeleton: 1,6-Enynes 
The synthesis of the homologous 1,6-enyne commenced with the Co-catalyzed 
[6+2] cycloaddition between cycloheptatriene and alkyne 286 (Scheme 113). In this 
case a bulky silyl protecting group was required at the primary alcohol in order to 
avoid the substrate decomposition under the cycloaddition reaction conditions. The 
resulting bicycle 287 was subsequently treated with N-iodosuccinimide, which 
afforded vinyl iodide 288. Kumada cross-coupling of 288 with (3-(trimethylsilyl)pro-
2-yn-1-yl)magnesium bromide furnished 289, which was treated with HF·py to give 
allylic alcohol 290. Cyclopropanation of the tetrasubstituted olefin followed by 
deprotection of the terminal alkyne and protection of the primary alcohol gave rise to 
tricyclic 1,6-enyne 260a.  
 
Scheme 113. Synthesis of 1,6-enyne 260a. 
However, all the attempts to perform the alkoxycyclization of 260a in the 
presence of different gold(I) complexes provided only traces of the desired cyclized 
tetracyclic product. Instead, methyl ketone 292 resulting from the formal hydration of 
the terminal alkyne was formed as the major product (Scheme 114). 
 
Scheme 114. Formal hydration of 260a. 
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Compound 287 was also an effective coupling partner in Sonogashira reactions 
with terminal alkynes, thus providing an alternative although longer route to tricyclic 
1,5-enynes 259 (Scheme 115). Coupling of 287 with ethynyltrimethylsilane 
quantitatively afforded 293. Subsequent deprotection of the primary alcohol and 
cyclopropanation of the tetrasubstituted olefin gave rise to 295, which could be 
converted into 259b by cleavage of the TMS group and protection of the primary 
alcohol. The results obtained for the gold-catalyzed cyclization of 259b were 
analogous to those obtained for 259a. 
 
Scheme 115. Alternative synthesis of 1,5-enyne 259b. 
Aldehydes of type 269 were next employed as the platform to access a series of 
tricyclic 1,6-enynes featuring different functionalities at the propargylic position. 
Thus, the addition of ethynylmagnesium bromide to 269a,b365 provided 260b,c as 
single diastereoisomers (Scheme 116).  
 
Scheme 116. Synthesis of 260b,c. 
																																																								
365  Compound 269b was prepared following a route analogous to that for the preparation 
of 269a shown in Scheme 107. See the Experimental Section for details. 
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The alkoxycyclization of 260b was investigated using methanol as the external 
nucleophile in the presence of gold(I) complexes A-D (Table 27). The reaction was 
initially carried out at room temperature using a 2:1 CH2Cl2:MeOH mixture as the 
solvent. Under these reaction conditions the desired alkoxycyclization products could 
only be detected from the reactions carried out in the presence of phosphine-gold(I) 
complexes A and D, whereas gold(I) complexes bearing NHC and phosphite ligands 
B and C gave complex mixtures (Table 27, entries 1-4). Due to its higher efficiency in 
this transformation, catalyst D was chosen for further optimization studies. 
Modifications of the reaction temperature led to lower yields of 297a together with 
the concomitant formation of other unidentified byproducts (Table 27, entries 5,6). 
Furthermore, increasing the CH2Cl2:MeOH ratio resulted in a significant drop in the 
yield of 297a (Table 27, entry 7), whereas higher yields were obtained as the amount 
of MeOH was increased (Table 27, entries 8,9). The use of the alcohol as the reaction 
solvent proved to be optimal for the alkoxycyclization of 260b, providing tetracycle 
297a in around 90% yield. Finally, the catalyst loading could be reduced to 2 mol% 
without observing any decrease of the yield of 297a (Table 27, entry 11).  
Table 27. Optimization of the gold(I)-catalyzed cyclization of 260b.a 
 
Entry [Au]cat (mol%) Solvent T (ºC) t (min) 
Yield 297a 
(%)b 
1 A (5) CH2Cl2:MeOH (2:1) 25 30 4 
2 B (5) CH2Cl2:MeOH (2:1) 25 30 nd 
3 C (5) CH2Cl2:MeOH (2:1) 25 15 nd 
4 D (5) CH2Cl2:MeOH (2:1) 25 5 52 
5 D (5) CH2Cl2:MeOH (2:1) 0 30 33 
6 D (5) CH2Cl2:MeOH (2:1) 50 5 26 
OMe
OH
solvent, T, t
OMe
H
MeO
MeO[Au]cat (X mol%)
260b 297a
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7 D (5) CH2Cl2:MeOH (10:1) 25 5 21 
8 D (5) CH2Cl2:MeOH (1:2) 25 20 56 
9 D (5) CH2Cl2:MeOH (1:10) 25 60 67 
10 D (5) MeOH 25 60 87 
11 D (2) MeOH 25 120 91 (91)c 
aReactions conducted at 0.1 mmol scale. bDetermined by 1H NMR using 1,4-
diacetoxybenzene as the internal standard. cIsolated yield in brackets. 
The gold(I)-catalyzed alkoxycyclization of 260b in the presence of complex D 
and methanol therefore afforded regio- and stereoselectively tetracyclic product 297a, 
which features the [3,5,5,7] tetracyclic skeleton of echinopines. The structure of 297a 
could be unequivocally confirmed by X-ray diffraction (Figure 29). 
 
Figure 29. X-ray structure of 297a (thermal ellipsoids at 50% probability). 
While the reaction of 260b with methanol provided 297a as a single 
regioisomer, the analogous reaction of 260c in which the protecting group at the 
primary alcohol had been replaced by a benzyl group gave rise to a 5:1 mixture of 
regioisomers (Scheme 117). Nonetheless, a screening of different O-nucleophiles 
revealed that changing from methanol to allyl alcohol in the reaction of 260c leads to 
the formation of 297c as the sole isomer. 
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Scheme 117. Alkoxycyclization of 260b,c. 
Interestingly, the propargylic alcohol of enynes 260b,c was substituted by a 
second molecule of alcohol in the course of the gold(I)-catalyzed cyclization process. 
The use of protected propargylic alcohols led to similar results. In order to elucidate 
the order of events in this transformation, a closely related system 299 in which the 
1,3-diene had been reduced was examined. Hydrogenation of 268a provided 298 in 
quantitative yield, which was subsequently oxidized to the corresponding aldehyde 
and converted into 299 by nucleophilic addition of ethynylmagnesium bromide 
(Scheme 118). 
 
Scheme 118. Sythesis of 299. 
Alcohol 299 was submitted to the optimized reaction conditions for the gold(I)-
catalyzed alkoxycyclization (Scheme 119). However, after 2 h only hydroxyketone 
300 and unreacted 299 were detected from the crude mixture and no substitution of 
the propargylic alcohol was observed (Figure 30). 
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Scheme 119. Gold(I)-catalyzed reaction of 299 under the optimized alkoxycyclization 
reaction conditions. 
 
Figure 30. Identification of 300 (red labels) and 299 (blue asterisks) from the crude 
mixture of the reaction of 299. 
This result supports a catalytic cycle in which the propargylic alcohol in 260b,c 
is eliminated after the cyclization of the enyne by the attack of a molecule of 
methanol to intermediate 301, which generates α,β-unsaturated gold(I) carbene 302 
(Scheme 120).366 The attack of a second molecule of alcohol to 302 forms 303, which 
releases tetracycles 297 by protodeauration.  
																																																								
366  For a related generation of α,β-unsaturated gold(I) carbenes, see references 233 and 
297. 
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Scheme 120. Catalytic cycle for the alkoxycyclization of 260b,c. 
Ketoenynes 260d,e were also prepared by direct oxidation of 260b,c and 
subjected to the gold(I)-catalyzed alkoxycyclization reaction conditions (Scheme 
121). However, in this case mixtures of the two possible regioisomeric products 
304a’,b’ and 304a’’,b’’ were stereoselectively obtained, which could be separated by 
preparative chromatography. Water could also be used as the external nucleophile to 
afford inseparable mixtures of regioisomeric allylic alcohols 304c’,d’/304c’’,d’’ in 
moderate yields. 
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Scheme 121. Synthesis and alkoxycyclization of 260d,e. 
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4. CONCLUSIONS 
The [3,5,5,7] tetracyclic core of the echinopines can be readily accessed 
through the gold(I)-catalyzed alkoxycyclization of tricyclic cyclopropyl-tethered 1,6-
enynes bearing an O-functionality at the propargylic position, which provides access 
to functionalized echinopine derivatives as single stereoisomers (Scheme 122).367 
Furthermore, the cyclization of 1,5-enyne 259a uncovered an unexpected migration of 
the cyclopropane functionality, thus giving rise to complex natural product-like 
[3,6,5,7] tetracyclic structures. Biological testing of these products is underway. 
 
Scheme 122. Gold-catalyzed access to echinopine-related [3,5,5,7] and [3,6,5,7] 
tetracycles. 
																																																								
367  Dorel, R.; Echavarren, A. M. J. Org. Chem. 2016, 81, 8444–8454. 
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5. EXPERIMENTAL SECTION 
5.1. General Methods 
The general information is provided in the experimental section of Chapter I. 
Moreover, calculations were carried out with DFT using the M06368 functional as 
implemented in Gaussian 09.369 The 6-31G(d) basis set370 was used to describe the H, 
C, O, and P atoms. The large core scalar relativistic pseudopotentials by Dolg et al. 
were used for Au.371 Full geometry optimizations were performed in solution with the 
Polarizable Continuum Model (IEFPCM) method,372 and using Gaussian 09 defaults 
for dichloromethane. The nature of the stationary points was characterized by a 
vibrational analysis performed within the harmonic approximation at 298 K and 1 
atm. Transition states were identified by the presence of one imaginary frequency and 
minima by a full set of real frequencies.  
																																																								
368  Zhao, Y.; Truhlar, D. G. Theor. Chem. Acc. 2008, 120, 215–241. 
369 Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; 
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, 
H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.;. 
Sonnenberg, J. L .; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, 
M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A., Jr.; 
Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; 
Staroverov, K. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, 
J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, N. J.; Klene, M.; Knox, J. 
E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; 
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; 
Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; 
Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; 
Fox, D. J. Gaussian 09, revision 02; Gaussian, Inc.: Wallingford, CT, 2009. 
370  a) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; Defrees, D. 
J.; Pople, J. A. J. Chem. Phys. 1982, 77, 3654–3665. b) Hehre, W. J.; Ditchfield, R.; 
Pople, J. A. J. Chem. Phys. 1972, 56, 2257–2261. 
371  Kuelche, W.; Dolg, M.; Stoll, H.; Preuss, H. Mol. Phys. 1991, 74, 1245–1263. 
372  a) Cossi, M.; Barone, V.; Mennucci, B.; Tomasi, J. Chem. Phys. Lett. 1998, 286, 253–
260. b) Miertus, S.; Tomasi, J. Chem. Phys. 1982, 65, 239–245. c) Mennucci, B.; 
Tomasi, J. J. Chem. Phys. 1997, 106, 5151–5158. 
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5.2. Synthetic Procedures and Analytical Data 
 
tert-Butyl((4-methoxybut-2-yn-1-yl)oxy)dimethylsilane (265a). NaH (60% in 
mineral oil, 1.89 g, 47.2 mmol) was added to a solution of 4-((tert-
butyldimethylsilyl)oxy)but-2-yn-1-ol373 (8.60 g, 42.9 mmol) in anhydrous THF (210 
mL) under argon at 0ºC. The resulting suspension was kept stirring for 30 min and 
then methyl iodide (3.2 mL, 51.5 mmol) was slowly added. The reaction was allowed 
to warm to room temperature and then stirred for 1.5 h. After diluting with Et2O (100 
mL), the mixture was washed with a saturated solution of NH4Cl (150 mL) and water 
(150 mL), the aqueous layers were extracted with Et2O (2x100 mL), and the 
combined organic layers were dried over MgSO4, filtered, and concentrated under 
reduced pressure. The product was obtained after purification by flash 
chromatography (cyclohexane:EtOAc 95:5) as a clear oil (8.00 g, 37.3 mmol, yield = 
87%).  
1H NMR (400 MHz, CDCl3) δ 4.38 (t, J = 1.8 Hz, 2H), 4.15 (t, J = 1.8 Hz, 2H), 3.40 
(s, 3H), 0.93 (s, 9H), 0.14 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 85.1, 80.6, 60.0, 
57.6, 51.7, 25.8, 18.3, -5.2. HRMS (ESI+) m/z calc. for C11H22NaO2Si [M+Na]+: 
237.1281. Found: 237.1278. 
Synthesis of 266: CoBr2 (306.1 mg, 1.40 mmol), Zn (366.1 mg, 5.60 mmol) and ZnI2 
(1.79 g, 5.60 mmol) were suspended in anhydrous 1,2-dichloroethane (20 mL) under 
argon. Then P(OiPr)3 (0.69 mL, 2.80 mmol) was added, followed by cycloheptatriene 
(4.36 mL, 41.98 mmol) and a solution of 265 374  (27.99 mmol) in dry 1,2-
dichloroethane (8 mL). The resulting mixture was stirred at 50 ºC for 16 h, then 
filtered through a pad of Celite and concentrated under reduced pressure. Purification 
of the resulting crude by flash chromatography (cyclohexane:EtOAc 1:0 to 95:5) 
afforded compounds 266. 
																																																								
373  Prepared according to: Najdi, S. D.; Olmstead, M. M.; Schore, N. E. J. Organomet. 
Chem. 1992, 431, 335–358.	
374  Compound 265b was prepared according to: Wu, Y.; Huang, J.-H.; Shen, X.; Hu, Q.; 
Tang, C.-J.; Li, L. Org. Lett. 2002, 4, 2141–2144. 
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tert-Butyl(((1R*,6S*)-8-(methoxymethyl)bicyclo[4.2.1]nona-2,4,7-trien-7-
yl)methoxy)dimethylsilane (266a). Pale yellow oil (6.69 g, 21.83 mmol, yield = 
78%).  
1H NMR (300 MHz, CDCl3) δ 6.29 – 6.11 (m, 2H), 5.84 – 5.74 (m, 2H), 4.35 (d, J = 
13.1 Hz, 1H), 4.23 (d, J = 13.1 Hz, 1H), 4.12 (d, J = 12.3 Hz, 1H), 3.92 (d, J = 12.3 
Hz, 1H), 3.41 (t, J = 7.1 Hz, 1H), 3.32 (d, J = 7.1 Hz, 1H), 3.27 (s, 3H), 2.29 – 2.17 
(m, 1H), 1.61 (d, J = 11.6 Hz, 1H), 0.93 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H). 13C NMR 
(75 MHz, CDCl3) δ 139.8, 139.8, 138.4, 132.1, 124.3, 124.2, 66.2, 57.8, 57.2, 45.4, 
44.7, 30.0, 25.9, 18.4, -5.3, -5.4. HRMS (ESI+) m/z calc. for C18H30NaO2Si [M+Na]+: 
329.1907. Found: 329.1904. 
 
(((1R*,6S*)-8-((Benzyloxy)methyl)bicyclo[4.2.1]nona-2,4,7-trien-7-
yl)methoxy)(tert-butyl)dimethylsilane (266b). Colorless oil (5.89 g, 15.39 mmol, 
yield = 55%).  
1H NMR (300 MHz, CDCl3) δ 7.40 – 7.29 (m, 5H), 6.26 – 6.14 (m, 2H), 5.84 – 5.74 
(m, 2H), 4.48 (d, J = 11.8 Hz, 1H), 4.41 (d, J = 11.9 Hz, 1H), 4.32 (d, J = 13.0 Hz, 
1H), 4.20 (d, J = 12.6 Hz, 2H), 4.04 (d, J = 12.4 Hz, 1H), 3.43 (t, J = 7.1 Hz, 1H), 
3.37 (t, J = 7.1 Hz, 1H), 2.25 (dt, J = 12.7, 6.7 Hz, 1H), 1.62 (d, J = 11.4 Hz, 1H), 
0.92 (s, 9H), 0.07 (s, 3H), 0.07 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 139.9, 139.8, 
138.5, 138.5, 132.1, 128.3, 127.8, 127.5, 124.3, 124.3, 71.7, 63.7, 57.2, 45.5, 44.7, 
30.0, 25.9, 18.4, -5.3, -5.4. HRMS (ESI+) m/z calc. for C24H34NaO2Si [M+Na]+: 
405.2220. Found: 405.2230. 
Synthesis of 267: TBAF (1.0 M in THF, 22.8 mL, 22.8 mmol) was added to a 
solution of 266 (11.4 mmol) in anhydrous THF (200 mL) at 0 ºC under argon. The 
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mixture was stirred at room temperature for 2 h and then diluted with Et2O (100 mL), 
and washed with saturated solution of NH4Cl (150 mL) and water (150 mL). The 
aqueous layers were extracted with Et2O (2x100 mL) and the combined organic layers 
were dried over MgSO4, filtered, and concentrated under reduced pressure. 
Purification by flash chromatography (cyclohexane:EtOAc 7:3) afforded products 
267. 
 
((1R*,6S*)-8-(Methoxymethyl)bicyclo[4.2.1]nona-2,4,7-trien-7-yl)methanol 
(267a). Colorless oil (1.62 g, 8.4 mmol, yield = 74%).  
1H NMR (400 MHz, CDCl3) δ 6.30 – 6.14 (m, 2H), 5.89 – 5.78 (m, 2H), 4.30 (dd, J = 
13.2, 6.3 Hz, 1H), 4.24 (dd, J = 13.2, 4.9 Hz, 1H), 4.17 (d, J = 12.6 Hz, 1H), 4.00 (d, 
J = 12.4 Hz, 1H), 3.38 – 3.26 (m, 2H), 3.32 (s, 3H), 2.26 (dtt, J = 11.5, 6.8, 1.3 Hz, 
1H), 1.95 (t, J = 5.7 Hz, 1H), 1.61 (d, J = 11.4 Hz, 1H). 13C NMR (101 MHz, CDCl3) 
δ 139.3, 139.3, 137.6, 133.3, 124.6, 125,6, 66.6, 58.1, 57.6, 45.7, 45.7, 30.0. HRMS 
(ESI+) m/z calc. for C12H16NaO2 [M+Na]+: 215.1043. Found: 215.1042. 
 
((1R*,6S*)-8-((Benzyloxy)methyl)bicyclo[4.2.1]nona-2,4,7-trien-7-yl)methanol 
(267b). Colorless oil (2.29 g, 8.55 mmol, yield = 75%).  
1H NMR (500 MHz, CDCl3) δ 7.41 – 7.30 (m, 5H), 6.28 – 6.16 (m, 2H), 5.86 – 5.84 
(m, 1H), 5.84 – 5.81 (m, 1H), 4.52 (d, J = 11.8 Hz, 1H), 4.46 (d, J = 11.8 Hz, 1H), 
4.31 – 4.19 (m, 3H), 4.11 (d, J = 12.5 Hz, 1H), 3.35 (t, J = 7.0 Hz, 2H), 2.27 (dtt, J = 
11.5, 6.8, 1.2 Hz, 1H), 1.76 (s, 1H), 1.63 (d, J = 11.4 Hz, 1H). 13C NMR (101 MHz, 
CDCl3) δ 139.4, 139.4, 138.1, 137.7, 133.5, 128.4, 127.8, 127.7, 124.6, 124.6, 72.2, 
63.9, 57.5, 45.7, 45.7, 30.0. HRMS (ESI+) m/z calc. for C18H20NaO2 [M+Na]+: 
291.1356. Found: 291.1365. 
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Synthesis of 268: Diiodomethane (0.61 mL, 7.57 mmol) and ZnEt2 (1.0 M in 
hexanes, 15.75 mL, 15.75 mmol) were added to a solution of 267 (6.30 mmol) in 
anhydrous CH2Cl2 (210 mL) at 0ºC. The resulting mixture was allowed to warm to 
room temperature and kept stirring until TLC analysis showed complete 
disappearance of the starting material (5-12 h). The reaction was quenched by the 
slow addition of a saturated aqueous Na/K-Tartrate solution (100 mL) and after 
stirring for 30 min the organic layer was separated, the aqueous layer extracted with 
CH2Cl2 (100 mL), and the combined organic phases dried over MgSO4 and 
concentrated under reduced pressure. Purification by flash chromatography 
(cyclohexane:EtOAc 7:3) afforded products 268. 
 
((1R*,6S*,7R*,9S*)-9-(Methoxymethyl)tricyclo[4.3.1.07,9]deca-2,4-dien-7-
yl)methanol (268a). Colorless oil (1.22 g, 5.92 mmol, yield = 94%).  
1H NMR (500 MHz, CDCl3) δ 6.11 – 6.00 (m, 2H), 5.85 – 5.74 (m, 2H), 4.01 (dd, J = 
10.0, 1.2 Hz, 1H), 3.84 (d, J = 11.7 Hz, 1H), 3.67 (d, J = 11.7 Hz, 1H), 3.38 (s, 3H), 
3.10 (d, J = 10.0 Hz, 1H), 2.86 – 2.78 (m, 2H), 2.01 (dtt, J = 12.8, 6.3, 1.3 Hz, 1H), 
1.78 (d, J = 13.1 Hz, 1H), 1.73 (d, J = 13.0 Hz, 1H), 0.81 (d, J = 5.6 Hz, 1H), 0.26 (d, 
J = 5.6 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 137.3, 136.5, 125.9, 125.0, 73.4, 
64.2, 58.8, 42.1, 42.0, 41.4, 39.6, 26.6, 14.4. HRMS (ESI+) m/z calc. for C13H18NaO2 
[M+Na]+: 229.1199. Found: 229.1207. 
 
((1R*,6S*,7R*,9S*)-9-((Benzyloxy)methyl)tricyclo[4.3.1.07,9]deca-2,4-dien-7-
yl)methanol (268b). Colorless oil (1.53 g, 5.42 mmol, yield = 86%).  
1H NMR (500 MHz, CDCl3) δ 7.39 – 7.33 (m, 4H), 7.32 – 7.29 (m, 1H), 6.10 – 6.04 
(m, 1H), 6.01 – 5.95 (m, 1H), 5.81 – 5.70 (m, 2H), 4.59 (d, J = 12.1 Hz, 1H), 4.52 (d, 
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J = 12.1 Hz, 1H), 4.08 (dd, J = 10.0, 1.2 Hz, 1H), 3.82 (dd, J = 11.7, 7.0 Hz, 1H), 
3.63 (d, J = 11.6 Hz, 1H), 3.21 (d, J = 10.0 Hz, 1H), 2.87 (t, J = 6.2 Hz, 1H), 2.81 (t, J 
= 6.2 Hz, 1H), 2.01 (dtt, J = 12.8, 6.3, 1.3 Hz, 1H), 1.79 (d, J = 13.0 Hz, 1H), 1.68 (s, 
1H), 0.83 (d, J = 5.6 Hz, 1H), 0.26 (d, J = 5.6 Hz, 1H). 13C NMR (126 MHz, CDCl3) 
δ 138.5, 137.3, 136.5, 128.4, 127.7, 127.6, 125.9, 125.0, 72.9, 70.9, 64.3, 42.1, 42.1, 
41.5, 39.7, 26.6, 14.6. HRMS (ESI+) m/z calc. for C19H22NaO2 [M+Na]+: 305.1512. 
Found: 305.1517. 
Synthesis of 269: Dess-Martin periodinane (2.67 g, 6.30 mmol) was added to a 
solution of 268 (4.85 mmol) in CH2Cl2 (50 mL). After the addition of one drop of 
water the resulting suspension was stirred at room temperature for 1 h and then 
washed with a 1:1 mixture of saturated solution of Na2S2O3:Na2CO3 (40 mL). The 
organic layer was dried over MgSO4, filtered, and concentrated under reduced 
pressure. The product was obtained after purification by flash chromatography 
(cyclohexane:EtOAc 7:3). 
 
(1R*,6S*,7R*,9S*)-9-(Methoxymethyl)tricyclo[4.3.1.07,9]deca-2,4-diene-7-
carbaldehyde (269a). Colorless oil (871.7 mg, 4.27 mmol, yield = 88%).  
1H NMR (500 MHz, CDCl3) δ 9.39 (s, 1H), 6.31 (ddq, J = 11.4, 7.5, 1.0 Hz, 1H), 5.99 
(ddq, J = 12.3, 7.5, 1.0 Hz, 1H), 5.79 (ddd, J = 11.4, 7.4, 0.9 Hz, 1H), 5.72 (ddd, J = 
12.3, 7.4, 0.8 Hz, 1H), 3.95 (dd, J = 9.9, 1.4 Hz, 1H), 3.40 (s, 3H), 3.35 (d, J = 9.9 Hz, 
1H), 3.00 – 2.95 (m, 1H), 2.88 (t, J = 7.0 Hz, 1H), 2.05 (dtt, J = 12.9, 6.4, 1.3 Hz, 
1H), 1.91 (d, J = 13.2 Hz, 1H), 1.25 (d, J = 5.8 Hz, 1H), 1.19 (dd, J = 5.8, 1.6 Hz, 
1H). 13C NMR (126 MHz, CDCl3) δ 200.0, 136.6, 134.8, 125.7, 124.5, 71.5, 58.9, 
51.8, 46.0, 41.3, 39.4, 26.5, 17.5. HRMS (ESI+) m/z calc. for C13H16NaO2 [M+Na]+: 
227.1043. Found: 227.1040. 
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(1R*,6S*,7R*,9S*)-9-((Benzyloxy)methyl)tricyclo[4.3.1.07,9]deca-2,4-diene-7-
carbaldehyde (269b). Colorless oil (1.06 g, 3.78 mmol, yield = 78%).  
1H NMR (500 MHz, CDCl3) δ 9.36 (s, 1H), 7.42 – 7.34 (m, 4H), 7.34 – 7.29 (m, 1H), 
6.33 – 6.27 (m, 1H), 5.97 – 5.89 (m, 1H), 5.78 – 5.67 (m, 2H), 4.60 (d, J = 11.9 Hz, 
1H), 4.52 (d, J = 11.9 Hz, 1H), 4.04 (dd, J = 9.9, 1.3 Hz, 1H), 3.48 (d, J = 9.8 Hz, 
1H), 2.97 (dd, J = 7.5, 6.3 Hz, 1H), 2.93 (t, J = 7.0 Hz, 1H), 2.06 (dtt, J = 12.9, 6.4, 
1.3 Hz, 1H), 1.91 (d, J = 13.2 Hz, 1H), 1.26 (d, J = 5.8 Hz, 1H), 1.21 (dd, J = 5.9, 1.3 
Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 199.9, 138.2, 136.6, 134.8, 128.4, 127.7, 
125.7, 124.4, 73.2, 69.2, 51.9, 46.1, 41.4, 39.4, 26.4, 17.7. HRMS (ESI+) m/z calc. for 
C19H20NaO2 [M+Na]+: 303.1356. Found: 303.1361. 
 
(1R*,6S*,7S*,9S*)-7-Ethynyl-9-(methoxymethyl)tricyclo[4.3.1.07,9]deca-2,4-diene 
(259a). Ohira-Bestmann reagent (790 mg, 4.98 mmol) and K2CO3 (947.3 mg, 6.85 
mmol) were sequentially added to a solution of 269a (700 mg, 3.43 mmol) in MeOH 
(34 mL) and the resulting mixture was stirred at room temperature for 16 h. Then the 
volatiles were removed under reduced pressure and the residue was dissolved in 
EtOAc (30 mL) and washed with water (30 mL) and brine (30 mL). The organic layer 
was dried over MgSO4, filtered, and concentrated under reduced pressure. Purification 
by flash chromatography (cyclohexane:EtOAc 85:15) afforded the product as a 
colorless oil (391.6 mg, 1.96 mmol, yield = 57%).  
1H NMR (500 MHz, CDCl3) δ 6.09 – 5.96 (m, 2H), 5.85 – 5.78 (m, 2H), 4.09 (dd, J = 
10.2, 1.6 Hz, 1H), 3.40 (s, 3H), 3.10 (d, J = 10.2 Hz, 1H), 2.82 (dd, J = 6.7, 5.2 Hz, 
1H), 2.80 (dd, J = 6.4, 5.3 Hz, 1H), 2.00 – 1.92 (m, 1H), 1.98 (s, 1H), 1.85 (dd, J = 
13.2, 0.6 Hz, 1H), 0.98 (dd, J = 5.7, 1.6 Hz, 1H), 0.57 (d, J = 5.6 Hz, 1H). 13C NMR 
(126 MHz, CDCl3) δ 136.5, 135.6, 125.6, 125.0, 84.5, 74.2, 67.3, 58.8, 42.3, 40.6, 
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40.5, 30.0, 26.7, 17.2. HRMS (APCI+) m/z calc. for C14H17O [M+H]+: 201.1274. 
Found: 201.1271. 
 
1-((1R*,6S*,7R*,9S*)-9-(Methoxymethyl)tricyclo[4.3.1.07,9]deca-2,4-dien-7-
yl)ethan-1-one (270). To a solution of 259a (20.0 mg, 0.1 mmol) in MeOH (1 mL) 
was added gold(I) complex D216b (7.9 mg, 0.005 mmol) and the resulting mixture was 
stirred at room temperature for 2 h. The reaction was quenched by the addition of one 
drop of Et3N and the volatiles were removed under reduced pressure. Purification by 
column chromatography (cyclohexane:EtOAc 8:2) afforded the product as a colorless 
oil (21.6 mg, 0.099 mmol, yield = 99%).  
1H NMR (400 MHz, CDCl3) δ 6.12 – 6.02 (m, 2H), 5.82 – 5.70 (m, 2H), 3.96 (dd, J = 
10.2, 1.4 Hz, 1H), 3.66 (d, J = 10.2 Hz, 1H), 3.40 (s, 3H), 3.03 (dd, J = 7.4, 6.5 Hz, 
1H), 2.86 (dd, J = 7.4, 6.4 Hz, 1H), 2.29 (s, 3H), 2.05 (dddd, J = 13.0, 6.5, 5.1, 1.4 
Hz, 1H), 1.82 (d, J = 13.2 Hz, 1H), 1.11 (dd, J = 5.0, 1.4 Hz, 1H), 0.83 (d, J = 5.0 Hz, 
1H). 13C NMR (101 MHz, CDCl3) δ 207.9, 136.5, 135.5, 124.9, 124.9, 72.1, 58.8, 
49.4, 44.3, 41.3, 40.9, 31.5, 25.9, 20.8. HRMS (ESI+) m/z calc. for C14H18NaO2 
[M+Na]+: 241.1199. Found: 241.1193.  
Isolation of the acetal intermediate: (1R*,6S*,7R*,9S*)-7-(1,1-Dimethoxyethyl)-9-
(methoxymethyl)tricyclo[4.3.1.07,9]deca-2,4-diene (271). Inside a glovebox, 259a (20 
mg, 0.1 mmol) was dissolved in anhydrous and degassed anhydrous CH2Cl2 (1 mL) 
and then anhydrous MeOH (41 µL, 1 mmol) and gold(I) complex D (7.9 mg, 0.005 
mmol) were sequentially added. The resulting mixture was stirred at room 
temperature for 30 min and then quenched by the addition of one drop of Et3N. After 
removal of the volatiles under reduced pressure, filtration through a pad of basic 
Al2O3 afforded the product as an unstable colorless oil.  
1H NMR (300 MHz, CDCl3) δ 6.10 – 5.99 (m, 2H), 5.80 – 5.64 (m, 2H), 3.89 (dd, J = 
9.6, 1.4 Hz, 1H), 3.40 (s, 3H), 3.36 (d, J = 9.5 Hz, 1H), 3.20 (s, 3H), 3.04 (s, 3H), 
2.83 (t, J = 6.7 Hz, 1H), 2.73 (dd, J = 7.7, 6.6 Hz, 1H), 2.06 (dt, J = 12.8, 6.4 Hz, 1H), 
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1.75 (d, J = 13.0 Hz, 1H), 1.40 (s, 3H), 0.80 (d, J = 5.1 Hz, 1H), 0.63 (dd, J = 5.1, 1.3 
Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 138.4, 136.5, 125.4, 124.4, 100.7, 72.5, 58.8, 
48.8, 48.0, 42.3, 42.1, 29.7, 27.4, 23.2, 17.6, 12.1. HRMS could not be obtained due 
to decomposition to 270. 
 
(1R*,1aR*,3R*,5aR*)-1-(Methoxymethyl)-1,1a,2,2a,5a,7a-hexahydro-3H-1,3-
methanocyclopropa[f]azulen-3-yl acetate (272). Gold(I) complex A (38.6 mg, 0.05 
mmol) was added to a solution of 259a (200.3 mg, 1 mmol) and AcOH (0.57 mL, 10 
mmol) in CH2Cl2 (10 mL) and the resulting mixture was stirred at room temperature 
for 1h. The reaction was quenched by the addition of one drop on Et3N and the 
volatiles were removed under reduced pressure. Purification by column 
chromatography (cyclohexane:EtOAc 95:5 to 8:2) afforded the product as a colorless 
oil (158.8 mg, 0.61 mmol, dr = 5:1, yield = 61%).  
Major isomer: 1H NMR (400 MHz, CDCl3) δ 6.53 (dt, J = 6.0, 0.9 Hz, 1H), 5.74 (dd, 
J = 5.9, 3.1 Hz, 1H), 5.62 (ddd, J = 12.5, 7.9, 2.0 Hz, 1H), 5.28 (ddd, J = 12.4, 4.3, 
1.4 Hz, 1H), 3.32 (s, 3H), 3.29 (d, J = 10.0 Hz, 1H), 3.12 (d, J = 10.0 Hz, 1H), 3.03 – 
2.97 (m, 1H), 2.70 (dd, J = 16.8, 1.5 Hz, 1H), 2.48 – 2.42 (m, 1H), 2.33 (ddd, J = 
14.5, 7.4, 5.1 Hz, 1H), 2.06 (s, 3H), 2.05 (d, J = 14.6 Hz, 1H), 1.65 (d, J = 11.2 Hz, 
1H), 1.39 – 1.34 (m, 1H), 1.19 (t, J = 8.5 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 
170.6, 137.6, 133.4, 126.8, 123.5, 85.9, 81.4, 58.1, 47.4, 42.8, 31.7, 28.1, 24.5, 22.1, 
21.7, 19.1. HRMS (ESI+) m/z calc. for C16H20NaO3 [M+Na]+: 283.1305. Found: 
283.1307. 
 
(1R*,1aR*,3R*,5aR*)-1-(Methoxymethyl)-1,1a,2,2a,5a,7a-hexahydro-3H-1,3-
methanocyclopropa[f]azulen-3-ol (278). K2CO3 (253.9 mg, 1.92 mmol) was added 
to a solution of 272 (100 mg, 0.38 mmol) in a 1:1 mixture of CH2Cl2:MeOH (4 mL) 
and the resulting mixture was stirred at 50 ºC for 16 h. After cooling down to room 
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temperature the volatiles were removed under reduced pressure and the resulting 
crude was purified by column chromatography (cyclohexane:EtOAc 7:3 to 1:1) to 
give the product as a colorless oil (69.7 mg, 0.32 mmol, dr > 20:1, yield = 84%).  
1H NMR (400 MHz, CDCl3) δ 6.00 (dt, J = 5.8, 0.9 Hz, 1H), 5.68 (dd, J = 5.8, 3.2 Hz, 
1H), 5.61 (ddd, J = 12.5, 7.9, 2.0 Hz, 1H), 5.29 (ddd, J = 12.4, 4.3, 1.4 Hz, 1H), 3.35 
(s, 3H), 3.31 (d, J = 9.8 Hz, 1H), 3.15 (d, J = 9.8 Hz, 1H), 3.06 – 2.97 (m, 1H), 2.37 
(ddd, J = 14.5, 7.4, 5.2 Hz, 1H), 2.19 (dd, J = 15.9, 1.5 Hz, 1H), 2.11 (t, J = 7.1 Hz, 
1H), 2.02 (d, J = 14.6 Hz, 1H), 1.78 (s, 1H), 1.68 (d, J = 15.9 Hz, 1H), 1.36 (ddd, J = 
9.0, 5.4, 1.3 Hz, 1H), 1.19 (t, J = 8.4 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 141.4, 
132.6, 127.1, 123.3, 81.8, 77.9, 58.4, 48.8, 45.7, 35.0, 28.3, 24.6, 21.7, 18.9. HRMS 
(ESI+) m/z calc. for C14H18NaO2 [M+Na]+: 241.1199. Found: 241.1205. 
 
(1R*,1aR*,3R*,5aR*)-1-(Methoxymethyl)-1,1a,2,2a,5a,7a-hexahydro-3H-1,3-
methanocyclopropa[f]azulen-3-yl 4-nitrobenzoate (279). 4-Nitrobenzoyl chloride 
(30.6 mg, 0.16 mmol) was added to a solution of 278 (30 mg, 0.14 mmol), Et3N (38 
µL, 0.27 mmol), and DMAP (1.2 mg, 0.01 mmol) in anhydrous CH2Cl2 (3 mL), the 
mixture was stirred at room temperature for 1 h and then washed with H2O (2x5 mL). 
The organic layer was dried over MgSO4, filtered, and concentrated under reduced 
pressure. Purification by column chromatography (cyclohexane:EtOAc 9:1) afforded 
the product as a white solid (51.3 mg, 0.14 mmol, yield = quantitative).  
Melting point = 136-138 ºC. 1H NMR (500 MHz, CDCl3) δ 8.32 – 8.29 (m, 2H), 8.24 
– 8.20 (m, 2H), 6.63 (dt, J = 5.9, 0.9 Hz, 1H), 5.84 (dd, J = 5.9, 3.1 Hz, 1H), 5.68 
(ddd, J = 12.5, 8.0, 2.1 Hz, 1H), 5.34 (ddd, J = 12.4, 4.2, 1.1 Hz, 1H), 3.32 (d, J = 
10.0 Hz, 1H), 3.25 (s, 3H), 3.12 – 3.09 (m, 1H), 3.11 (d, J = 10.0 Hz, 1H), 2.84 (dd, J 
= 16.9, 1.6 Hz, 1H), 2.73 – 2.68 (m, 1H), 2.43 (ddd, J = 14.7, 7.4, 5.2 Hz, 1H), 2.16 
(d, J = 14.7 Hz, 1H), 1.80 (d, J = 16.8 Hz, 1H), 1.44 (dd, J = 8.9, 5.2 Hz, 1H), 1.29 – 
1.23 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 163.9, 150.4, 137.0, 136.9, 134.0, 
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130.6, 126.7, 123.7, 123.5, 88.0, 81.3, 58.2, 47.5, 42.7, 32.0, 28.1, 24.5, 21.7, 19.3. 
HRMS (ESI+) m/z calc. for C21H21NNaO5 [M+Na]+: 390.1312. Found: 390.1315. 
X-ray quality single crystals were obtained by layering a solution of 279 in EtOAc 
with pentane at room temperature.  
 
(1R*,1aR*,3S*,5aS*)-1-(Methoxymethyl)-1,1a,2,2a,4,5,5a,7a-octahydro-3H-1,3-
methanocyclopropa[f]azulen-3-ol (283). A round bottom flask containing a solution 
of 278 (50 mg, 0.23 mmol) and Crabtree’s catalyst (3.7 mg, 0.0046 mmol) in 
anhydrous MeOH (3 mL) was evacuated and backfilled with H2 (repeated 3 times). 
The resulting mixture was stirred at room temperature for 1 h, then the volatiles were 
removed under reduced pressure and the crude purified by column chromatography 
(cyclohexane:EtOAc 1:1) to afford the product as a yellow oil (46.0 mg, 0.21 mmol, 
yield = 91%).  
1H NMR (400 MHz, CDCl3) δ 5.47 – 5.36 (m, 2H), 3.41 – 3.33 (m, 1H), 3.37 (s, 3H), 
2.99 (d, J = 9.3 Hz, 1H), 2.54 – 2.46 (m, 1H), 2.29 – 2.20 (m, 1H), 2.06 – 1.96 (m, 
1H), 1.95 – 1.85 (m, 4H), 1.77 – 1.58 (m, 4H), 1.38 – 1.24 (m, 2H). 13C NMR (101 
MHz, CDCl3) δ 135.6, 120.0, 82.0, 74.6, 58.7, 43.5, 40.1, 38.6, 31.5, 29.3, 24.2, 22.4, 
21.4, 18.4. HRMS (ESI+) m/z calc. for C14H20NaO2 [M+Na]+: 243.1356. Found: 
243.1355. 
 
(1R*,1aR*,5aS*)-1-(Methoxymethyl)-1a,2,2a,5,5a,7a-hexahydro-1H-1,3-
methanocyclopropa[f]azulene (285). Tf2O (37 µL, 0.22 mmol) was added to a 
solution of 283 (40 mg, 0.18 mmol), pyridine (29 µL, 0.36 mmol), and DMAP (2.2 
mg, 0.018 mmol) in anhydrous CH2Cl2 (2 mL) at 0 ºC. The reaction was allowed to 
warm to room temperature and after stirring for 1 h was quenched by the addition of 
H2O (2 mL). The organic layer was separated, dried over MgSO4, filtered, and 
H
OMe
HO H
H
OMe
H
	 298	
concentrated under reduced pressure. Purification by column chromatography 
(cyclohexane-EtOAc 98:2) afforded the product as a yellow oil (35.6 mg, 0.18 mmol, 
yield = 98%).  
1H NMR (400 MHz, CDCl3) δ 5.51 (bs, 1H), 5.44 (ddd, J = 12.4, 7.3, 1.7 Hz, 1H), 
5.40 – 5.34 (m, 1H), 3.63 (d, J = 9.9 Hz, 1H), 3.40 (s, 3H), 3.28 (d, J = 9.9 Hz, 1H), 
2.55 – 2.49 (m, 1H), 2.27 – 2.11 (m, 5H), 2.05 – 2.00 (m, 1H), 1.77 – 1.73 (m, 1H), 
1.72 – 1.65 (m, 1H), 1.56 (t, J = 8.1, 7.6 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 
147.9, 134.1, 121.3, 118.1, 79.6, 58.6, 44.1, 38.5, 36.7, 33.8, 30.8, 27.9, 27.8, 21.0. 
HRMS (ESI+) m/z calc. for C14H18NaO [M+Na]+: 225.1250. Found: 225.1243. 
 
tert-Butyldiphenyl(((1R*,6S*)-8-(trimethylsilyl)bicyclo[4.2.1]nona-2,4,7-trien-7-
yl)methoxy)silane (287). CoBr2 (238.6 mg, 1.09 mmol), Zn (285.4 mg, 4.36 mmol) 
and ZnI2 (1.39 g, 4.36 mmol) were suspended in anhydrous 1,2-dichloroethane (35 
mL) under argon. Then P(OiPr)3 (0.54 mL, 2.18 mmol) was added, followed by 
cycloheptatriene (3.40 mL, 32.73 mmol) and a solution of 286375  (8.00 g, 21.82 
mmol) in anhydrous 1,2-dichloroethane (9 mL). The resulting mixture was stirred at 
50 ºC for 30 h, then filtered through a short pad of silica gel and concentrated under 
reduced pressure. Purification by flash chromatography (cyclohexane:EtOAc 1:0 to 
95:5) afforded the product as a colorless oil (7.10 g, 15.49 mmol, yield = 71%).  
1H NMR (500 MHz, CDCl3) δ 7.74 – 7.68 (m, 4H), 7.48 – 7.39 (m, 6H), 6.16 – 6.10 
(m, 1H), 6.09 – 6.03 (m, 1H), 5.83 – 5.72 (m, 2H), 4.43 (d, J = 12.8 Hz, 1H), 4.23 (d, 
J = 12.7 Hz, 1H), 3.69 (t, J = 7.2 Hz, 1H), 3.14 (t, J = 7.0 Hz, 1H), 2.14 (dtt, J = 11.4, 
6.7, 1.2 Hz, 1H), 1.56 (d, J = 11.4 Hz, 1H), 1.11 (s, 9H), 0.01 (s, 9H). 13C NMR (75 
MHz, CDCl3) δ 147.7, 139.2, 138.9, 135.7, 135.7, 135.6, 133.7, 133.7, 133.2, 129.6, 
127.6, 127.6, 124.3, 123.5, 60.4, 48.5, 46.4, 30.8, 26.9, 19.3, 0.4. HRMS (ESI+) m/z 
calc. for C29H38NaOSi2 [M+Na]+: 481.2353. Found: 481.2378. 
																																																								
375  Prepared according to: Takimoto, M.; Usami, S.; Hou, Z. J. Am. Chem. Soc. 2009, 131, 
18266–18268. 
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tert-Butyl(((1R*,6S*)-8-iodobicyclo[4.2.1]nona-2,4,7-trien-7-
yl)methoxy)diphenylsilane (288). N-Iodosuccinimide (2.35 g, 10.45 mmol) was 
added to a solution of 287 (4.00 g, 8.72 mmol) in anhydrous CH3CN (87 mL) under 
argon in darkness and the resulting mixture was stirred at room temperature for 16 h. 
The reaction was quenched by the addition of a saturated solution of Na2S2O3 (50 
mL) and the product extracted with EtOAc (3x60 mL). The combined organic layers 
were dried over MgSO4, filtered, and concentrated under reduced pressure. 
Purification by flash chromatography (cyclohexane:EtOAc 95:5) afforded the product 
as a pale yellow oil (2.52 g, 4.88 mmol, yield = 56%).376  
1H NMR (500 MHz, CDCl3) δ 7.73 – 7.66 (m, 4H), 7.48 – 7.38 (m, 6H), 6.20 (ddq, J 
= 11.2, 7.2, 1.1 Hz, 1H), 6.11 (ddq, J = 11.2, 7.3, 1.0 Hz, 1H), 5.95 (ddd, J = 11.1, 
7.5, 0.9 Hz, 1H), 5.86 (ddd, J = 11.0, 7.4, 0.9 Hz, 1H), 4.35 (d, J = 13.6, 0.8 Hz, 1H), 
4.17 (d, J = 13.5 Hz, 1H), 3.50 (t, J = 7.0 Hz, 1H), 3.25 (t, J = 7.0 Hz, 1H), 2.31 (dtt, J 
= 11.3, 6.8, 1.2 Hz, 1H), 1.62 (d, J = 11.4 Hz, 1H), 1.10 (s, 9H). 13C NMR (101 MHz, 
CDCl3) δ 145.7, 139.1, 138.1, 135.6, 135.6, 133.4, 133.4, 129.7, 127.7, 125.4, 124.9, 
84.5, 63.0, 52.9, 44.1, 30.8, 26.9, 19.3. HRMS (ESI+) m/z calc. for C26H29INaOSi 
[M+Na]+: 535.0925. Found: 535.0919. 
 
tert-Butyldiphenyl(((1R*,6S*)-8-(3-(trimethylsilyl)prop-2-yn-1-
yl)bicyclo[4.2.1]nona-2,4,7-trien-7-yl)methoxy)silane (289). A dry 2-neck round-
bottom flask equipped with a condenser was charged with magnesium tunings (583 
mg, 24.0 mmol) that were covered with anhydrous THF (100 mL). Dibromoethane 
(0.1 mL) was added followed by trimethylsilylpropargyl bromide (2.0 mL, 12.12 																																																								
376   This product decomposes under ambient conditions and therefore was either directly 
used in the next step or stored under argon in darkness at –5 ºC. 
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mmol). The reaction was heated at 50 ºC for 1 h, then cooled to room temperature and 
transferred via cannula to a second 2-neck round-bottom flask containing a solution of 
288 (1.23 g, 2.40 mmol) and Pd(PPh3)4 (138.7 mg, 0.12 mmol) in anhydrous THF (30 
mL). The resulting mixture was stirred at 50 ºC for 2 h, then cooled down to room 
temperature, poured into brine (100 mL), and extracted with Et2O (2x100 mL). The 
combined organic layers were dried over MgSO4, filtered and concentrated under 
reduced pressure. Purification by flash chromatography (cyclohexane:EtOAc 95:5) 
afforded 289 as a yellow oil that was directly taken to the next step due to its low 
stability.  
1H NMR (400 MHz, CDCl3) δ 7.72 – 7.67 (m, 4H), 7.47 – 7.36 (m, 6H), 6.27 – 6.18 
(m, 1H), 6.17 – 6.09 (m, 1H), 5.83 – 5.71 (m, 2H), 4.33 (d, J = 12.8 Hz, 1H), 4.20 (d, 
J = 13.0 Hz, 1H), 3.42 (t, J = 7.0 Hz, 1H), 3.36 (t, J = 7.0 Hz, 1H), 2.95 (d, J = 19.4 
Hz, 1H), 2.85 (d, J = 18.6 Hz, 1H), 2.26 (dtt, J = 11.3, 6.7, 1.2 Hz, 1H), 1.61 (d, J = 
11.3 Hz, 1H), 1.08 (s, 9H), 0.16 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 140.2, 139.7, 
135.6, 135.6, 135.0, 133.7, 133.6, 129.9, 129.6, 129.6, 127.7, 127.7, 124.4, 124.1, 
104.8, 85.0, 58.5, 46.6, 45.0, 30.3, 26.8, 19.2, 17.2, 0.1.  
 
((1R*,6S*)-8-(3-(Trimethylsilyl)prop-2-yn-1-yl)bicyclo[4.2.1]nona-2,4,7-trien-7-
yl)methanol (290). To a solution of 289 (646.0 mg, 1.30 mmol) in THF (12 mL) in a 
Teflon flask was added HF·py (70% weight, 1.56 mL, 12.1 mmol) and the resulting 
mixture was stirred at room temperature for 16 h. The reaction was quenched by the 
slow addition of a saturated solution of NaHCO3 (10 mL) and the product was 
extracted with Et2O (2x10 mL). The combined organic layers were dried over 
MgSO4, filtered, and concentrated under reduced pressure. Purification by flash 
chromatography (cyclohexane:EtOAc 8:2) afforded the product as a yellow oil (528.1 
mg, 1.06 mmol, yield over 2 steps = 44%).  
1H NMR (400 MHz, CDCl3) δ 6.31 – 6.19 (m, 2H), 5.87 – 5.78 (m, 2H), 4.29 (d, J = 
12.7 Hz, 1H), 4.19 (d, J = 12.7 Hz, 1H), 3.37 (d, J = 7.2 Hz, 1H), 3.34 (d, J = 7.2 Hz, 
1H), 3.17 (d, J = 19.3 Hz, 1H), 3.11 (d, J = 19.1 Hz, 1H), 2.27 (dtt, J = 11.4, 6.7, 1.2 
OH
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Hz, 1H), 1.61 (d, J = 11.4 Hz, 1H), 0.18 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 
139.8, 139.4, 135.1, 131.5, 124.7, 124.5, 104.4, 85.4, 57.3, 46.7, 45.4, 30.1, 17.2, 0.0. 
HRMS (ESI+) m/z calc. for C16H22NaOSi [M+Na]+: 281.1332. Found: 281.1322. 
 
((1R*,6S*,7R*,9S*)-9-(3-(Trimethylsilyl)prop-2-yn-1-yl)tricyclo[4.3.1.07,9]deca-
2,4-dien-7-yl)methanol (291). To a solution of 290 (430 mg, 1.66 mmol) in 
anhydrous CH2Cl2 (83 mL) were sequentially added CH2I2 (0.15 mL, 1.99 mmol) and 
ZnEt2 (1.0 M in hexanes, 4.15 mL, 4.15 mmol) and the resulting solution was stirred 
at room temperature for 3 h. The reaction was quenched by the slow addition of a 
saturated aqueous Na/K-Tartrate solution (100 mL) and after stirring for 30 min the 
organic layer was separated, the aqueous layer extracted with CH2Cl2 (100 mL) and 
the combined organic phases dried over MgSO4, filtered, and concentrated under 
reduced pressure. Purification by flash chromatography (cyclohexane:EtOAc 8:2) 
afforded the product as a pale yellow oil (378.0 mg, 1.39 mmol, yield = 84%).  
1H NMR (400 MHz, CDCl3) δ 6.11 – 6.00 (m, 2H), 5.84 – 5.70 (m, 2H), 3.92 (d, J = 
11.6 Hz, 1H), 3.57 (d, J = 11.5 Hz, 1H), 2.89 (dd, J = 17.3, 0.8 Hz, 1H), 2.85 – 2.75 
(m, 2H), 2.07 (d, J = 17.3 Hz, 1H), 1.99 (ddd, J = 12.8, 7.0, 5.7 Hz, 1H), 1.74 (d, J = 
13.1 Hz, 1H), 1.50 (s, 1H), 0.74 (d, J = 5.7 Hz, 1H), 0.18 (s, 10H). 13C NMR (101 
MHz, CDCl3) δ 136.9, 136.5, 125.7, 125.3, 105.4, 85.8, 64.0, 43.1, 42.3, 41.4, 38.9, 
26.2, 21.0, 14.3, 0.1. HRMS (ESI+) m/z calc. for C17H24NaOSi [M+Na]+: 295.1489. 
Found: 295.1482. 
 
((1R*,6S*,7R*,9R*)-9-(Prop-2-yn-1-yl)tricyclo[4.3.1.07,9]deca-2,4-dien-7-
yl)methanol (291’). TBAF (1.0 M solution in THF, 1.53 mL, 1.53 mmol) was added 
to a solution of 291 (378.1 mg, 1.39 mmol) in THF (14 mL) at 0 ºC and the resulting 
solution was allowed to warm to room temperature and stirred for 15 min. Then the 
mixture was poured on brine (30 mL) and the product was extracted with Et2O (2x20 
OH
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mL). The combined organic layers were dried over MgSO4, filtered, and concentrated 
under reduced pressure. Purification by flash chromatography (cyclohexane:EtOAc 
8:2) afforded 291’ as a colorless oil (222.7 mg, 1.11 mmol, yield = 80%).  
1H NMR (400 MHz, CDCl3) δ 6.12 – 6.03 (m, 2H), 5.84 – 5.76 (m, 2H), 3.91 (d, J = 
11.6 Hz, 1H), 3.60 (d, J = 11.6 Hz, 1H), 2.91 (ddd, J = 17.1, 2.7, 0.9 Hz, 1H), 2.84 
(td, J = 6.8, 4.0 Hz, 2H), 2.04 (t, J = 2.7 Hz, 1H), 2.03 – 1.95 (m, 2H), 1.75 (d, J = 
13.1 Hz, 1H), 1.53 (s, 1H), 0.76 (d, J = 5.7 Hz, 1H), 0.17 (d, J = 5.7 Hz, 1H). 13C 
NMR (101 MHz, CDCl3) δ 136.9, 136.4, 125.8, 125.3, 82.8, 69.1, 64.1, 42.8, 42.3, 
41.6, 38.8, 26.1, 19.7, 14.3. HRMS (APCI+) m/z calc. for C14H17O [M+H]+: 
201.1274. Found: 201.1266.  
 
tert-Butyldimethyl(((1R*,6S*,7R*,9R*)-9-(prop-2-yn-1-yl)tricyclo[4.3.1.07,9]deca-
2,4-dien-7-yl)methoxy)silane (260a). TBSCl (165.6 mg, 1.10 mmol) and imidazole 
(136.2 mg, 2.00 mmol) were added to a solution of 291’ (200.3 mg, 1.00 mmol) in 
CH2Cl2 (10 mL) and the mixture was stirred at room temperature for 1 h. Then it was 
washed with H2O (10 mL) and brine (10 mL) and the organic layer was dried over 
MgSO4, filtered, and concentrated under reduced pressure. Purification by column 
chromatography (cyclohexane) afforded the product as a colorless oil (314.4 mg, 0.99 
mmol, yield = 99%).  
1H NMR (400 MHz, CDCl3) δ 6.06 – 5.92 (m, 2H), 5.79 – 5.69 (m, 2H), 4.08 (dd, J = 
10.4, 1.1 Hz, 1H), 3.37 (d, J = 10.4 Hz, 1H), 2.85 – 2.73 (m, 3H), 2.04 – 1.94 (m, 
3H), 1.72 (d, J = 13.0 Hz, 1H), 0.91 (s, 9H), 0.71 (d, J = 5.6 Hz, 1H), 0.22 (d, J = 5.7 
Hz, 1H), 0.06 (s, 3H), 0.04 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 136.8, 136.4, 
125.3, 124.9, 83.2, 68.8, 63.0, 43.1, 42.4, 41.5, 38.3, 26.0, 25.9, 19.1, 18.3, 13.6, -5.2, 
-5.4. HRMS (ESI+) m/z calc. for C20H30NaOSi [M+Na]+: 337.1958. Found: 337.1945. 
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1-((1R*,6S*,7R*,9S*)-9-(((tert-
Butyldimethylsilyl)oxy)methyl)tricyclo[4.3.1.07,9]deca-2,4-dien-7-yl)propan-2-one 
(292). Gold(I) complex (0.002 mmol) was added to a solution of 260a (0.1 mmol) in 
MeOH (1 mL) and the resulting mixture was stirred at room temperature for 2 h 
before the addition of one drop of Et3N. Then the volatiles were removed under 
reduced pressure and purification by column chromatography afforded the product in 
22-47% yield.  
1H NMR (400 MHz, CDCl3) δ 5.98 – 5.83 (m, 2H), 5.77 – 5.69 (m, 2H), 4.09 (d, J = 
10.6 Hz, 1H), 3.37 (d, J = 10.4 Hz, 1H), 3.01 (d, J = 16.1 Hz, 1H), 2.76 (t, J = 7.2 Hz, 
1H), 2.73 (t, J = 6.7 Hz, 1H), 2.18 (s, 3H), 2.14 (d, J = 16.0 Hz, 1H), 2.04 – 1.95 (m, 
1H), 1.71 (d, J = 13.0 Hz, 1H), 0.91 (s, 9H), 0.79 (d, J = 5.7 Hz, 1H), 0.21 (d, J = 5.7 
Hz, 1H), 0.06 (s, 3H), 0.06 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 208.9, 136.6, 
136.5, 125.2, 125.1, 63.1, 43.7, 42.9, 41.8, 41.0, 35.6, 30.2, 26.4, 25.9, 18.3, 13.9, -
5.2, -5.4. HRMS (ESI+) m/z calc. for C20H32NaO2Si [M+Na]+: 355.2064. Found: 
355.2056. 
 
tert-Butyldiphenyl(((1R*,6S*)-8-((trimethylsilyl)ethynyl)bicyclo[4.2.1]nona-2,4,7-
trien-7-yl)methoxy)silane (293). PdCl2(PPh3)2 (68.4 mg, 0.098 mmol) and CuI (37.1 
mg, 0.195 mmol) were suspended in Et3N (10 mL) and the mixture was bubbled with 
Ar for 10 min. A solution of 287 (1.00 g, 1.95 mmol) in degassed NEt3 (10 mL) and 
ethynyltrimethylsilane (0.41 mL, 2.93 mmol) were subsequently added and the 
reaction was stirred at 50 ºC for 2 h. Then the mixture was cooled down to room 
temperature, diluted with EtOAc (10 mL), filtered through a short pad of silica gel, 
and concentrated under reduced pressure. Purification by column chromatography 
OTBS
O
TMS
OTBDPS
	 304	
(cyclohexane:EtOAc 99:1) afforded 293 as a colorless oil (932.0 mg, 1.93 mmol, 
yield = 99%). 
1H NMR (300 MHz, CDCl3) δ 7.74 – 7.65 (m, 4H), 7.47 – 7.35 (m, 6H), 6.28 – 6.18 
(m, 1H), 6.12 – 6.02 (m, 1H), 5.90 – 5.78 (m, 2H), 4.45 (d, J = 13.4 Hz, 1H), 4.40 (d, 
J = 13.4 Hz, 1H), 3.57 (t, J = 7.0 Hz, 1H), 3.21 (t, J = 7.1 Hz, 1H), 2.21 (dtt, J = 11.1, 
6.8, 1.1 Hz, 1H), 1.58 (d, J = 7.8 Hz, 1H), 1.09 (s, 9H), 0.09 (s, 9H). 13C NMR (126 
MHz, CDCl3) δ 147.4, 138.5, 138.4, 135.6, 135.6, 133.6, 133.6, 129.6, 127.7, 125.0, 
124.6, 115.2, 99.9, 97.7, 59.6, 47.0, 43.9, 30.2, 26.9, 19.3, -0.0 (two peaks missing 
due to overlapping). HRMS (ESI+) m/z calc. for C31H38NaOSi2 [M+Na]+: 505.2353. 
Found: 505.2352. 
 
(1R*,6S*)-8-((Trimethylsilyl)ethynyl)bicyclo[4.2.1]nona-2,4,7-trien-7-
yl)methanol (294). To a solution of 293 (930.0 mg, 1.93 mmol) in THF (19 mL) in a 
Teflon flask was added HF·py (70% weight, 2.48 mL, 19.3 mmol) and the resulting 
mixture was stirred at room temperature for 16 h. The reaction was quenched by the 
slow addition of a saturated solution of NaHCO3 (20 mL) and the product was 
extracted with Et2O (2x20 mL). The combined organic layers were dried over 
MgSO4, filtered, and concentrated under reduced pressure. Purification by flash 
chromatography (cyclohexane:EtOAc 8:2) afforded the product as a colorless oil 
(395.9 mg, 1.62 mmol, yield = 84%). 
1H NMR (500 MHz, CDCl3) δ 6.30 – 6.23 (m, 1H), 6.22 – 6.15 (m, 1H), 5.93 – 5.87 
(m, 2H), 4.42 (d, J = 13.7 Hz, 1H), 4.35 (d, J = 13.7 Hz, 1H), 3.42 (t, J = 7.1 Hz, 1H), 
3.26 (t, J = 7.1 Hz, 1H), 2.25 (dtt, J = 11.6, 6.8, 1.2 Hz, 1H), 1.63 (s, 1H), 1.61 (d, J = 
11.6 Hz, 1H), 0.21 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 147.1, 138.5, 138.0, 125.4, 
124.7, 116.2, 99.6, 98.4, 59.0, 47.2, 44.3, 30.3, 0.0. HRMS (ESI+) m/z calc. for 
C15H20NaOSi [M+Na]+: 267.1176. Found: 267.1172. 
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((1R*,6S*,7R*,9S*)-9-((Trimethylsilyl)ethynyl)tricyclo[4.3.1.07,9]deca-2,4-dien-7-
yl)methanol (295). To a solution of 294 (385.0 mg, 1.58 mmol) in anhydrous CH2Cl2 
(80 mL) were sequentially added CH2I2 (0.15 mL, 1.89 mmol) and ZnEt2 (1.0 M in 
hexanes, 3.95 mL, 3.95 mmol) and the resulting solution was stirred at room 
temperature for 24 h. The reaction was quenched by the slow addition of a saturated 
aqueous Na/K-Tartrate solution (100 mL) and after stirring for 30 min the organic 
layer was separated, the aqueous layer extracted with CH2Cl2 (100 mL) and the 
combined organic phases dried over MgSO4, filtered, and concentrated under reduced 
pressure. Purification by flash chromatography (cyclohexane:EtOAc 8:2) afforded the 
product as a colorless oil (245.0 mg, 0.95 mmol, yield = 60%).  
1H NMR (400 MHz, CDCl3) δ 6.07 – 6.01 (m, 1H), 6.01 – 5.95 (m, 1H), 5.84 – 5.74 
(m, 2H), 4.11 (d, J = 11.8 Hz, 1H), 3.67 (d, J = 11.8 Hz, 1H), 2.79 (d, J = 7.1 Hz, 
1H), 2.75 (d, J = 7.4 Hz, 1H), 2.01 – 1.93 (m, 1H), 1.84 (d, J = 13.2 Hz, 1H), 1.60 (s, 
1H), 0.89 (dd, J = 5.5, 1.0 Hz, 1H), 0.61 (d, J = 5.5 Hz, 1H), 0.15 (s, 9H). 13C NMR 
(101 MHz, CDCl3) δ 136.9, 135.0, 125.9, 124.7, 107.0, 84.5, 63.8, 43.3, 42.6, 40.7, 
31.3, 27.0, 16.0, 0.2. HRMS (ESI+) m/z calc. for C16H22NaOSi [M+Na]+: 281.1332. 
Found: 281.1339. 
 
((1R*,6S*,7R*,9R*)-9-Ethynyltricyclo[4.3.1.07,9]deca-2,4-dien-7-yl)methanol 
(296). TBAF (1.0 M in THF, 0.89 mL, 0.89 mmol) was added to a solution of 295 
(208.0 mg, 0.80 mmol) in anhydrous THF (9 mL) at 0 ºC under argon. The mixture 
was stirred at room temperature for 30 min and then diluted with Et2O (10 mL), 
washed with saturated solution of NH4Cl (15 mL) and water (15 mL). The aqueous 
layers were extracted with Et2O (2x10 mL) and the combined organic layers were 
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dried over MgSO4, filtered, and concentrated under reduced pressure. Purification by 
flash chromatography (cyclohexane:EtOAc 7:3) afforded the product as a colorless oil 
that was directly taken to the next step due to its low stability (98.7 mg, 0.53 mmol, 
yield = 66%). 
1H NMR (400 MHz, CDCl3) δ 6.12 – 5.98 (m, 2H), 5.87 – 5.77 (m, 2H), 4.15 (d, J = 
11.7 Hz, 1H), 3.63 (d, J = 11.7 Hz, 1H), 2.80 (ddd, J = 7.9, 6.3, 1.9 Hz, 2H), 2.01 (s, 
1H), 1.98 (ddt, J = 12.5, 6.2, 1.3 Hz, 1H), 1.85 (d, J = 13.2 Hz, 1H), 1.60 (s, 1H), 0.91 
(dd, J = 5.6, 1.1 Hz, 1H), 0.58 (d, J = 5.6 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 
136.7, 135.3, 125.9, 125.0, 84.6, 67.8, 64.0, 42.9, 42.5, 40.6, 30.2, 26.8, 15.9. 
 
tert-Butyl(((1R,6S,7R,9R)-9-ethynyltricyclo[4.3.1.07,9]deca-2,4-dien-7-
yl)methoxy)dimethylsilane (259b). TBSCl (36.5 mg, 0.24 mmol) and imidazole 
(30.0 mg, 0.44 mmol) were added to a solution of 296 (41.0 mg, 0.22 mmol) in 
CH2Cl2 (2.2 mL) and the mixture was stirred at room temperature for 1 h. Then it was 
washed with H2O (3 mL) and brine (3 mL), and the organic layer was dried over 
MgSO4, filtered, and concentrated under reduced pressure. Purification by column 
chromatography (cyclohexane:EtOAc 95:5) afforded the product as a colorless oil 
(66.1 mg, 0.22 mmol, yield = 99%).  
1H NMR (300 MHz, CDCl3) δ 6.10 – 5.93 (m, 2H), 5.85 – 5.75 (m, 2H), 4.28 (dd, J = 
10.7, 1.6 Hz, 1H), 3.30 (d, J = 10.6 Hz, 1H), 2.82 (d, J = 7.2 Hz, 1H), 2.77 (d, J = 7.3 
Hz, 1H), 1.95 (s, 1H), 1.95 – 1.89 (m, 1H), 1.81 (dd, J = 13.2, 0.7 Hz, 1H), 0.92 (s, 
10H), 0.50 (d, J = 5.5 Hz, 1H), 0.08 (s, 3H), 0.07 (s, 3H). 13C NMR (101 MHz, 
CDCl3) δ 136.5, 135.9, 125.4, 125.0, 84.8, 67.1, 64.7, 42.8, 42.7, 40.6, 26.6, 26.0, 
18.3, 17.2, 0.0, -5.1, -5.3. HRMS (ESI+) m/z calc. for C19H28NaOSi [M+Na]+: 
323.1802. Found: 323.1795. 
Synthesis of 260b,c: Ethynylmagnesium bromide (0.5 M in THF, 8.07 mL, 4.04 
mmol) was added to a solution of 269 (3.67 mmol) in anhydrous THF (37 mL) at 0 
ºC. After stirring at room temperature for 30 min the reaction was diluted with Et2O 
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(15 mL) and quenched by the addition of a saturated NH4Cl aqueous solution (50 
mL). The aqueous layer was extracted with Et2O (2x40 mL) and the combined 
organic phases were dried over MgSO4, filtered, concentrated under reduced pressure 
and the resulting crude purified by column chromatography (cyclohexane:EtOAc 
7:3). 
 
1-((1R*,6S*,7R*,9S*)-9-(Methoxymethyl)tricyclo[4.3.1.07,9]deca-2,4-dien-7-
yl)prop-2-yn-1-ol (260b). Pale yellow solid (769.2 mg, 3.34 mmol, yield = 91%).  
Melting point = 82-84 ºC. 1H NMR (400 MHz, CDCl3) δ 6.10 – 5.99 (m, 2H), 5.84 – 
5.72 (m, 2H), 4.94 (s, 1H), 3.87 (dd, J = 10.1, 0.7 Hz, 1H), 3.68 (d, J = 10.1 Hz, 1H), 
3.37 (s, 3H), 2.97 (s, 1H), 2.82 (dd, J = 7.1, 6.2 Hz, 1H), 2.76 (dd, J = 7.1, 6.2 Hz, 
1H), 2.54 (d, J = 2.2 Hz, 1H), 2.12 – 2.03 (m, 1H), 1.76 (d, J = 13.0 Hz, 1H), 0.76 (d, 
J = 5.9 Hz, 1H), 0.74 (d, J = 6.1 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 137.2, 
136.0, 126.2, 125.0, 84.0, 73.5, 72.0, 61.1, 58.7, 43.8, 43.3, 43.0, 40.2, 26.3, 10.6. 
HRMS (APCI+) m/z calc. for C15H18NaO2 [M+Na]+: 253.1199. Found: 253.1211. 
 
1-((1R*,6S*,7R*,9S*)-9-((Benzyloxy)methyl)tricyclo[4.3.1.07,9]deca-2,4-dien-7-
yl)prop-2-yn-1-ol (260c). Colorless oil (923.0 mg, 3.01 mmol, yield = 82%).  
1H NMR (500 MHz, CDCl3) δ 7.39 – 7.33 (m, 4H), 7.33 – 7.29 (m, 1H), 6.06 (dd, J = 
10.7, 7.5 Hz, 1H), 6.00 (dd, J = 9.7, 7.5 Hz, 1H), 5.80 (ddd, J = 11.3, 7.4, 0.9 Hz, 
1H), 5.74 (ddd, J = 11.2, 7.4, 0.9 Hz, 1H), 4.95 (dd, J = 4.0, 2.2 Hz, 1H), 4.60 (d, J = 
11.9 Hz, 1H), 4.51 (d, J = 11.9 Hz, 1H), 3.97 (d, J = 10.2 Hz, 1H), 3.80 (d, J = 10.2 
Hz, 1H), 2.89 (d, J = 4.1 Hz, 1H), 2.85 – 2.79 (m, 2H), 2.51 (d, J = 2.2 Hz, 1H), 2.08 
(dtt, J = 12.8, 6.3, 1.3 Hz, 1H), 1.77 (d, J = 13.1 Hz, 1H), 0.79 – 0.75 (m, 2H). 13C 
NMR (126 MHz, CDCl3) δ 138.1, 137.3, 136.0, 128.4, 127.7, 127.6, 126.3, 125.0, 
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83.9, 73.6, 73.0, 69.7, 61.2, 43.8, 43.3, 43.0, 40.3, 26.4, 11.0. HRMS (ESI+) m/z calc. 
for C21H22NaO2 [M+Na]+: 329.1512. Found: 329.1518. 
Gold-catalyzed cyclization of 1,6-enynes 260b-c: Gold(I) complex D (3.1 mg, 0.002 
mmol) was added to a solution of 260b-c (0.1 mmol) in ROH (1 mL) and the resulting 
suspension was stirred at room temperature for 2 h before the addition of one drop of 
Et3N. Then the volatiles were removed under reduced pressure and the resulting crude 
purified by column chromatography to afford tetracycles 297. 
 
(1aR*,2S*,3aS*,4S*,6R*,6aS*,7R*)-6,7-Dimethoxy-1a-(methoxymethyl)-5-
methylene-1,1a,2,3,3a,4,5,6-octahydro-2,4-prop[1]enocyclopropa[c]pentalene 
(297a). General procedure from 260b and MeOH. Purification: pentane:CH2Cl2 9:1. 
White solid (25.1 mg, yield = 91%). 297a:297a’ > 20:1.  
Melting point = 95-97 ºC. 1H NMR (500 MHz, CDCl3) δ 6.12 (ddd, J = 11.6, 6.8, 1.5 
Hz, 1H), 5.76 (ddd, J = 11.6, 7.3, 0.6 Hz, 1H), 5.17 (d, J = 2.9 Hz, 1H), 5.04 (d, J = 
2.4 Hz, 1H), 3.98 (dd, J = 7.3, 3.7 Hz, 1H), 3.70 (dd, J = 9.8, 1.6 Hz, 1H), 3.47 (s, 
1H), 3.41 (s, 3H), 3.36 (s, 3H), 3.36 – 3.29 (m, 1H), 3.33 (s, 3H), 2.90 (dd, J = 9.7, 
6.6 Hz, 1H), 2.84 – 2.80 (m, 2H), 2.50 (d, J = 13.7 Hz, 1H), 1.42 (dtd, J = 13.6, 6.7, 
1.6 Hz, 1H), 1.12 (dd, J = 5.8, 1.6 Hz, 1H), 1.08 (d, J = 5.8 Hz, 1H). 13C NMR (101 
MHz, CDCl3) δ 151.2, 140.2, 127.6, 110.9, 85.7, 80.8, 74.1, 58.7, 56.6, 55.6, 45.9, 
45.6, 42.8, 40.9, 36.1, 30.3, 16.0. HRMS (ESI+) m/z calc. for C17H24NaO3 [M+Na]+: 
299.1618. Found: 299.1626. Note: This reaction could be scaled up to obtain 400 mg 
of 297a without observing any decrease of yield or selectivity.  
X-ray quality single crystals were obtained by slow evaporation of a solution of 297a 
in CH2Cl2 at 5 ºC. 
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(1aR*,2S*,3aS*,4S*,6R*,6aS*,7R*)-1a-((Benzyloxy)methyl)-6,7-dimethoxy-5-
methylene-1,1a,2,3,3a,4,5,6-octahydro-2,4-prop[1]enocyclopropa[c]pentalene 
(297b). General procedure from 260c and MeOH. Purification: cyclohexane:EtOAc 
1:0 to 95:5. Colorless oil (29.6 mg, yield = 84%). 297b:297b’ = 5:1.  
Major isomer: 1H NMR (500 MHz, CDCl3) δ 7.40 – 7.34 (m, 4H), 7.33 – 7.29 (m, 
1H), 6.09 (ddd, J = 11.6, 6.7, 1.5 Hz, 1H), 5.72 (ddd, J = 11.6, 7.3, 0.6 Hz, 1H), 5.15 
(d, J = 2.9 Hz, 1H), 5.03 (d, J = 2.4 Hz, 1H), 4.57 (d, J = 12.1 Hz, 1H), 4.52 (d, J = 
12.1 Hz, 1H), 3.97 (dd, J = 7.3, 3.7 Hz, 1H), 3.78 (dd, J = 9.8, 1.5 Hz, 1H), 3.45 (d, J 
= 1.2 Hz, 1H), 3.41 (s, 3H), 3.32 (s, 1H), 3.32 (s, 3H), 2.96 (d, J = 9.8 Hz, 1H), 2.91 
(dd, J = 10.0, 6.3 Hz, 1H), 2.87 (t, J = 6.9 Hz, 1H), 2.51 (d, J = 13.7 Hz, 1H), 1.47 – 
1.40 (m, 1H), 1.14 (dd, J = 5.8, 1.5 Hz, 1H), 1.10 (d, J = 5.8 Hz, 1H). 13C NMR (126 
MHz, CDCl3) δ 151.2, 140.2, 138.5, 128.4, 128.4, 127.6, 127.6, 110.9, 85.7, 80.8, 
72.7, 71.5, 56.6, 55.6, 46.0, 45.7, 42.9, 41.0, 36.3, 30.3, 16.1. HRMS (ESI+) m/z calc. 
for C23H28NaO3 [M+Na]+: 375.1931. Found: 375.1925. 
 
(1aR*,2S*,3aS*,4S*,6R*,6aS*,7R*)-6,7-Bis(allyloxy)-1a-((benzyloxy)methyl)-5-
methylene-1,1a,2,3,3a,4,5,6-octahydro-2,4-prop[1]enocyclopropa[c]pentalene 
(297c). General procedure from 260c and allyl alcohol. Purification: 
cyclohexane:EtOAc 1:0 to 95:5. White solid (30.0 mg, yield = 84%). 297c:297c’ > 
20:1.  
Melting point = 138-140 ºC. 1H NMR (500 MHz, CDCl3) δ 7.39 – 7.34 (m, 4H), 7.33 
– 7.29 (m, 1H), 6.07 (ddd, J = 11.6, 6.8, 1.5 Hz, 1H), 6.01 – 5.88 (m, 2H), 5.69 (ddd, 
J = 11.6, 7.3, 0.6 Hz, 1H), 5.31 (dq, J = 17.2, 1.7 Hz, 1H), 5.26 (dq, J = 17.2, 1.7 Hz, 
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1H), 5.20 (dq, J = 10.4, 1.8 Hz, 1H), 5.17 (dq, J = 10.2, 1.9 Hz, 1H), 5.13 (d, J = 2.9 
Hz, 1H), 4.99 (d, J = 2.4 Hz, 1H), 4.56 (d, J = 12.1 Hz, 1H), 4.51 (d, J = 12.1 Hz, 
1H), 4.13 (dd, J = 7.4, 3.8 Hz, 1H), 4.09 (dt, J = 5.5, 1.5 Hz, 1H), 4.08 (dt, J = 5.7, 1.5 
Hz, 1H), 4.05 (dq, J = 5.7, 1.6 Hz, 1H), 3.97 (ddt, J = 12.7, 6.0, 1.4 Hz, 1H), 3.77 (dd, 
J = 9.8, 1.5 Hz, 1H), 3.65 (s, 1H), 3.34 (dq, J = 9.5, 3.0 Hz, 1H), 2.96 (d, J = 6.3 Hz, 
1H), 2.94 (d, J = 6.4 Hz, 1H), 2.87 (t, J = 6.7 Hz, 1H), 2.57 (d, J = 13.7 Hz, 1H), 1.48 
– 1.42 (m, 1H), 1.16 (dd, J = 5.8, 1.5 Hz, 1H), 1.09 (d, J = 5.8 Hz, 1H). 13C NMR 
(126 MHz, CDCl3) δ 151.8, 140.1, 138.5, 135.4, 135.3, 128.4, 127.8, 127.6, 127.6, 
116.9, 116.8, 110.8, 83.2, 78.2, 72.7, 71.5, 69.7, 68.5, 46.3, 45.7, 42.9, 41.1, 36.3, 
30.3, 16.3. HRMS (ESI+) m/z calc. for C27H32NaO3 [M+Na]+: 427.2244. Found: 
427.2227. 
 
((1R*,6S*,7S*,9R*)-9-(Methoxymethyl)tricyclo[4.3.1.07,9]decan-7-yl)methanol 
(298). A round bottom flask containing a solution of 268a (200 mg, 0.97 mmol) and 
Pd(OH)2/C (20% wt., 28.1 mg, 0.048 mmol) in anhydrous MeOH (10 mL) was 
evacuated and backfilled with H2 (repeated 3 times). The resulting mixture was stirred 
at room temperature for 4 h, then the volatiles were removed under reduced pressure 
and the crude was purified by column chromatography (cyclohexane:EtOAc 1:1) to 
afford the product as a colorless oil (204.0 mg, 0.97 mmol, yield = quantitative).  
1H NMR (400 MHz, CDCl3) δ 4.02 (dd, J = 11.6, 1.1 Hz, 1H), 3.79 (dd, J = 10.2, 1.0 
Hz, 1H), 3.48 (d, J = 11.6 Hz, 1H), 3.37 (s, 3H), 3.27 (d, J = 10.1 Hz, 1H), 2.43 – 
1.36 (m, 2H), 2.01 – 1.93 (m, 1H), 1.91 – 1.82 (m, 1H), 1.70 – 1.34 (m, 9H), 0.88 (dt, 
J = 4.7, 1.1 Hz, 1H), 0.52 (d, J = 4.6 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 73.6, 
63.4, 58.8, 40.4, 39.8, 36.3, 34.7, 29.1, 29.1, 28.9, 25.1, 24.8, 18.4. HRMS (ESI+) m/z 
calc. for C13H22NaO2 [M+Na]+: 233.1512. Found: 233.1511. 
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(R*)-1-((1R*,6S*,7S*,9R*)-9-(Methoxymethyl)tricyclo[4.3.1.07,9]decan-7-yl)prop-
2-yn-1-ol (299). Dess-Martin periodinane (524.3 mg, 1.24 mmol) was added to a 
solution of 298 (200 mg, 0.95 mmol) in CH2Cl2 (10 mL). After the addition of one 
drop of water the resulting suspension was stirred at room temperature for 15 min and 
then washed with a 1:1 mixture of saturated solution of Na2S2O3:Na2CO3 (20 mL). 
The organic layer was dried over MgSO4, filtered, and concentrated under reduced 
pressure. The product (aldehyde 298’) was obtained after filtration through a pad of 
silica gel as a colorless oil and directly submitted to the next step.  
1H NMR (500 MHz, CDCl3) δ 9.44 (s, 1H), 3.86 (dd, J = 10.2, 1.3 Hz, 1H), 3.54 (d, J 
= 10.2 Hz, 1H), 3.39 (s, 3H), 2.66 (ddd, J = 7.3, 4.4, 2.7 Hz, 1H), 2.51 – 2.41 (m, 2H), 
1.97 – 1.88 (m, 1H), 1.64 – 1.40 (m, 9H), 1.37 (dd, J = 4.9, 1.3 Hz, 1H). 13C NMR 
(126 MHz, CDCl3) δ 200.7, 71.6, 58.9, 45.5, 43.1, 39.5, 38.1, 30.2, 29.6, 27.8, 25.5, 
24.3, 23.4.  
Ethynylmagnesium bromide (0.5 M in THF, 2.01 mL, 1.00 mmol) was added to a 
solution of aldehyde 298’ (190 mg, 0.91 mmol) in anhydrous THF (9 mL) at 0 ºC. 
After stirring at room temperature for 30 min the reaction was diluted with Et2O (15 
mL) and quenched by the addition of a saturated NH4Cl aqueous solution (50 mL). 
The aqueous layer was extracted with Et2O (2x40 mL) and the combined organic 
phases were dried over MgSO4, filtered, concentrated under reduced pressure and the 
resulting crude purified by column chromatography (cyclohexane:EtOAc 7:3) to 
afford 299 as a colorless oil (208.9 mg, 0.89 mmol, yield over 2 steps = 98%).  
1H NMR (500 MHz, CDCl3) δ 4.87 (dd, J = 5.2, 2.2 Hz, 1H), 3.81 (d, J = 10.4 Hz, 
1H), 3.70 (d, J = 10.3 Hz, 1H), 3.48 (d, J = 5.3 Hz, 1H), 3.36 (s, 3H), 2.51 (d, J = 2.2 
Hz, 1H), 2.42 (ddd, J = 7.7, 5.3, 2.4 Hz, 1H), 2.31 (ddd, J = 7.8, 6.1, 1.9 Hz, 1H), 
2.08 – 2.01 (m, 1H), 1.86 – 1.79 (m, 1H), 1.78 – 1.71 (m, 1H), 1.70 – 1.61 (m, 1H), 
1.57 – 1.42 (m, 4H), 1.40 – 1.32 (m, 2H), 0.94 (d, J = 4.7 Hz, 1H), 0.82 (d, J = 4.7 
Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 84.5, 74.0, 72.8, 61.1, 58.4, 42.1, 41.5, 38.7, 
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35.8, 29.6, 29.1, 29.0, 25.2, 24.5, 16.4. HRMS (ESI+) m/z calc. for C15H22NaO2 
[M+Na]+: 257.1512. Found: 257.1514. 
Synthesis of 260d,e: Dess-Martin periodinane (478.8 mg, 1.13 mmol) was added to a 
solution of 260b,c (0.87 mmol) in CH2Cl2 (9 mL). After the addition of one drop of 
water the resulting suspension was stirred at room temperature for 1 h and then 
washed with a 1:1 mixture of saturated solution of Na2S2O3:Na2CO3 (40 mL). The 
organic layer dried over MgSO4, filtered, and concentrated under reduced pressure. 
The product was obtained after purification by flash chromatography 
(cyclohexane:EtOAc 7:3). 
 
1-((1R*,6S*,7R*,9S*)-9-(Methoxymethyl)tricyclo[4.3.1.07,9]deca-2,4-dien-7-
yl)prop-2-yn-1-one (260d). Yellow oil (121.2 mg, 0.53 mmol, yield = 61%).  
1H NMR (400 MHz, CDCl3) δ 6.32 (ddd, J = 11.4, 7.4, 1.1 Hz, 1H), 6.02 (ddd, J = 
11.2, 7.7, 0.9 Hz, 1H), 5.79 (ddd, J = 11.5, 7.4, 0.8 Hz, 1H), 5.70 (ddd, J = 11.4, 7.4, 
0.8 Hz, 1H), 4.02 (dd, J = 10.1, 1.5 Hz, 1H), 3.82 (d, J = 10.1 Hz, 1H), 3.42 (s, 3H), 
3.26 (s, 1H), 3.12 – 3.06 (m, 1H), 2.91 (t, J = 7.0 Hz, 1H), 2.06 – 1.98 (m, 1H), 1.85 
(dd, J = 13.2, 0.6 Hz, 1H), 1.34 (dd, J = 5.5, 1.4 Hz, 1H), 1.26 (d, J = 5.5 Hz, 1H). 13C 
NMR (126 MHz, CDCl3) δ 185.7, 136.9, 134.8, 125.5, 124.1, 82.0, 79.1, 71.4, 58.8, 
52.3, 45.5, 41.7, 40.4, 25.6, 22.5. HRMS (ESI+) m/z calc. for C15H16NaO2 [M+Na]+: 
251.1043. Found: 251.1035. 
 
1-((1R*,6S*,7R*,9S*)-9-((Benzyloxy)methyl)tricyclo[4.3.1.07,9]deca-2,4-dien-7-
yl)prop-2-yn-1-one (260e). Yellow oil (174.9 mg, 0.57 mmol, yield = 66%).  
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1H NMR (500 MHz, CDCl3) δ 7.42 – 7.34 (m, 4H), 7.34 – 7.29 (m, 1H), 6.32 (ddq, J 
= 11.3, 7.6, 0.7 Hz, 1H), 5.97 (ddq, J = 11.4, 7.5, 1.0 Hz, 1H), 5.75 (ddd, J = 11.3, 
7.4, 0.8 Hz, 1H), 5.67 (ddd, J = 11.4, 7.3, 0.8 Hz, 1H), 4.61 (d, J = 11.9 Hz, 1H), 4.58 
(d, J = 12.0 Hz, 1H), 4.10 (dd, J = 10.1, 1.5 Hz, 1H), 3.95 (d, J = 10.0 Hz, 1H), 3.11 
(s, 1H), 3.07 (t, J = 7.1 Hz, 1H), 2.98 (t, J = 7.0 Hz, 1H), 2.02 (dtt, J = 13.0, 6.4, 1.3 
Hz, 1H), 1.85 (d, J = 14.0 Hz, 1H), 1.35 (dd, J = 5.6, 1.4 Hz, 1H), 1.27 (d, J = 5.6 Hz, 
1H). 13C NMR (126 MHz, CDCl3) δ 185.7, 138.5, 137.0, 134.7, 128.4, 127.8, 127.6, 
125.5, 124.0, 81.7, 79.2, 73.0, 68.9, 52.6, 45.7, 41.8, 40.4, 25.5, 22.5. HRMS (ESI+) 
m/z calc. for C21H20NaO2 [M+Na]+: 327.1356. Found: 327.1363. 
Gold-catalyzed cyclizations of 1,6-enynes 260d-e: Gold(I) complex D (3.1 mg, 
0.002 mmol) was added to a solution of 260d,e (0.1 mmol) in ROH (1 mL) or a 2:1 
mixture of dioxane:H2O (2 mL) and the resulting suspension was stirred at room 
temperature for the appointed time before the addition of one drop of Et3N. Then the 
volatiles were removed under reduced pressure and purification by preparative TLC 
afforded the tetracyclic products 304’/304’’. 
 
(1aR*,2S*,3aS*,4S*,6aS*,7R*)-1a-((Benzyloxy)methyl)-7-methoxy-5-methylene-
1a,2,3,3a,4,5-hexahydro-2,4-prop[1]enocyclopropa[c]pentalen-6(1H)-one (304a’). 
General procedure starting from 260e and methanol. Reaction time = 1 h. 
Purification: cyclohexane:EtOAc 95:5 (eluted three times). White solid (15.1 mg, 
yield = 45%).  
Melting point = 59-61 ºC. 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.28 (m, 5H), 6.14 – 
6.07 (m, 2H), 5.72 (dd, J = 11.8, 7.2 Hz, 1H), 5.33 (dd, J = 2.2, 0.6 Hz, 1H), 4.58 (d, J 
= 11.9 Hz, 1H), 4.44 (d, J = 12.0 Hz, 1H), 3.82 (ddd, J = 7.3, 3.1, 0.7 Hz, 1H), 3.68 
(dd, J = 10.0, 1.9 Hz, 1H), 3.54 – 3.48 (m, 1H), 3.44 (s, 3H), 3.07 (d, J = 9.9 Hz, 1H), 
3.03 (t, J = 6.6 Hz, 1H), 2.89 (dd, J = 9.3, 7.2 Hz, 1H), 2.74 (d, J = 13.9 Hz, 1H), 1.87 
(d, J = 5.7 Hz, 1H), 1.68 (dtd, J = 13.9, 6.9, 1.7 Hz, 1H), 1.52 (dd, J = 5.8, 1.8 Hz, 
1H). 13C NMR (101 MHz, CDCl3) δ 201.7, 147.6, 140.4, 138.3, 128.4, 127.7, 127.7, 
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127.1, 118.0, 82.7, 73.1, 70.5, 56.6, 52.7, 47.3, 45.6, 42.4, 42.0, 31.5, 22.4. HRMS 
(ESI+) m/z calc. for C22H24NaO3 [M+Na]+: 359.1618. Found: 359.1617. 
 
(1aR*,2R*,3aS*,4S*,6aS*,9S*)-1a-((Benzyloxy)methyl)-9-methoxy-5-methylene-
1a,2,3,3a,4,5-hexahydro-4,2-prop[1]enocyclopropa[c]pentalen-6(1H)-one 
(304a’’). General procedure starting from 260e and methanol. Reaction time = 1 h. 
Purification: cyclohexane:EtOAc 95:5 (eluted three times). White solid (9.7 mg, yield 
= 29%).  
Melting point = 70-72 ºC. 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.29 (m, 5H), 5.92 
(dd, J = 1.4, 0.7 Hz, 1H), 5.43 (ddt, J = 12.8, 4.7, 1.9 Hz, 1H), 5.34 (ddd, J = 12.9, 
4.9, 0.9 Hz, 1H), 5.28 (dd, J = 1.3, 0.7 Hz, 1H), 4.60 (d, J = 11.9 Hz, 1H), 4.41 (d, J = 
11.9 Hz, 1H), 3.90 (t, J = 4.0 Hz, 1H), 3.60 (t, J = 6.3 Hz, 1H), 3.52 (dd, J = 10.4, 1.8 
Hz, 1H), 3.38 (s, 3H), 3.17 (d, J = 10.4 Hz, 1H), 2.83 (dt, J = 8.0, 2.6 Hz, 1H), 2.76 (t, 
J = 7.4 Hz, 1H), 2.29 (d, J = 14.4 Hz, 1H), 1.77 (d, J = 5.4 Hz, 1H), 1.68 – 1.61 (m, 
1H), 1.34 (dd, J = 5.5, 1.7 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 202.1, 149.7, 
138.1, 131.5, 128.4, 127.9, 127.8, 124.1, 115.5, 78.2, 73.1, 69.3, 56.9, 47.5, 47.1, 
44.8, 43.6, 43.2, 26.7, 21.0. HRMS (ESI+) m/z calc. for C22H24NaO3 [M+Na]+: 
359.1618. Found: 359.1616. 
 
(1aR*,2S*,3aS*,4S*,6aS*,7R*)-7-(Allyloxy)-1a-((benzyloxy)methyl)-5-methylene-
1a,2,3,3a,4,5-hexahydro-2,4-prop[1]enocyclopropa[c]pentalen-6(1H)-one (304b’). 
General procedure starting from 260e and allyl alcohol. Reaction time: 1.5 h. 
Purification: cyclohexane:EtOAc 95:5 (eluted three times). White solid (15.9 mg, 
yield = 44%).  
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Melting point = 44-46 ºC. 1H NMR (400 MHz, CDCl3) δ 7.39 – 7.28 (m, 5H), 6.13 – 
6.07 (m, 2H), 5.98 (ddt, J = 17.2, 10.3, 5.6 Hz, 1H), 5.68 (dd, J = 11.7, 7.3 Hz, 1H), 
5.34 (dq, J = 17.1, 1.4 Hz, 1H), 5.31 – 5.29 (m, 1H), 5.23 (dq, J = 10.4, 1.4 Hz, 1H), 
4.58 (d, J = 11.9 Hz, 1H), 4.44 (d, J = 11.8 Hz, 1H), 4.15 (ddt, J = 12.6, 5.5, 1.5 Hz, 
1H), 4.07 (ddt, J = 12.6, 5.7, 1.4 Hz, 1H), 3.97 (ddd, J = 7.3, 3.1, 0.6 Hz, 1H), 3.68 
(dd, J = 10.0, 1.8 Hz, 1H), 3.50 (dq, J = 9.2, 2.5 Hz, 1H), 3.06 (d, J = 10.0 Hz, 1H), 
3.06 (t, J = 6.7 Hz, 1H), 2.90 (dd, J = 9.3, 7.2 Hz, 1H), 2.80 (d, J = 13.9 Hz, 1H), 1.86 
(d, J = 5.7 Hz, 1H), 1.69 (dtd, J = 13.9, 6.9, 1.7 Hz, 1H), 1.52 (dd, J = 5.7, 1.8 Hz, 
1H). 13C NMR (101 MHz, CDCl3) δ 201.7, 147.7, 140.3, 138.3, 135.1, 128.4, 127.7, 
127.7, 127.3, 118.0, 117.2, 80.1, 73.1, 70.5, 69.7, 52.8, 47.3, 46.0, 42.4, 42.0, 31.6, 
22.4. HRMS (ESI+) m/z calc. for C24H26NaO3 [M+Na]+: 385.1774. Found: 385.1780. 
 
(1aR*,2R*,3aS*,4S*,6aS*,9S*)-9-(Allyloxy)-1a-((benzyloxy)methyl)-5-methylene-
1a,2,3,3a,4,5-hexahydro-4,2-prop[1]enocyclopropa[c]pentalen-6(1H)-one 
(304b’’). General procedure starting from 260e and allyl alcohol. Reaction time: 1.5 
h. Purification: cyclohexane:EtOAc 95:5 (eluted three times). White solid (15.1 mg, 
yield = 42%).  
Melting point = 67-69 ºC. 1H NMR (400 MHz, CDCl3) δ 7.39 – 7.29 (m, 5H), 6.00 – 
5.86 (m, 1H), 5.93 – 5.91 (m, 1H), 5.42 (ddt, J = 12.8, 4.6, 1.8 Hz, 1H), 5.37 – 5.31 
(m, 1H), 5.29 – 5.27 (m, 1H), 5.28 (dq, J = 17.2, 1.6 Hz, 1H), 5.18 (dq, J = 10.3, 1.4 
Hz, 1H), 4.57 (d, J = 11.8 Hz, 1H), 4.41 (d, J = 11.8 Hz, 1H), 4.13 – 4.04 (m, 2H), 
3.99 (ddt, J = 12.8, 5.8, 1.4 Hz, 1H), 3.61 (t, J = 6.0 Hz, 1H), 3.52 (dd, J = 10.4, 1.8 
Hz, 1H), 3.16 (d, J = 10.4 Hz, 1H), 2.84 – 2.79 (m, 1H), 2.77 (td, J = 7.1, 1.1 Hz, 1H), 
2.36 (d, J = 14.4 Hz, 1H), 1.77 (d, J = 5.4 Hz, 1H), 1.71 – 1.59 (m, 1H), 1.33 (dd, J = 
5.4, 1.7 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 202.1, 149.7, 138.1, 135.1, 131.5, 
128.4, 127.9, 127.7, 124.5, 117.0, 115.5, 76.0, 73.2, 70.2, 69.5, 47.4, 47.1, 44.9, 43.8, 
43.6, 26.8, 21.0. HRMS (ESI+) m/z calc. for C24H26NaO3 [M+Na]+: 385.1774. Found: 
385.1780. 
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(1aR*,2S*,3aS*,4S*,6aS*,7R*)-7-Hydroxy-1a-(methoxymethyl)-5-methylene-
1a,2,3,3a,4,5-hexahydro-2,4-prop[1]enocyclopropa[c]pentalen-6(1H)-one (304c’) 
+ (1aR*,2R*,3aS*,4S*,6aS*,9S*)-9-hydroxy-1a-(methoxymethyl)-5-methylene-
1a,2,3,3a,4,5-hexahydro-4,2-prop[1]enocyclopropa[c]pentalen-6(1H)-one 
(304c’’). General procedure starting from 260d and water. Reaction time: 3 h. 
Purification: cyclohexane:EtOAc 6:4 (eluted twice). Colorless oil (15.5 mg, yield = 
63%). 304c’:304c’’ = 1:2.  
1H NMR (400 MHz, CDCl3) δ 304c’: 6.17 (ddd, J = 11.6, 6.8, 1.6 Hz, 1H), 6.11 (dd, 
J = 2.5, 0.6 Hz, 1H), 5.82 (dd, J = 11.6, 7.3 Hz, 1H), 5.40 – 5.32 (m, 1H), 4.38 (dd, J 
= 7.3, 3.1 Hz, 1H), 3.59 (dd, J = 10.1, 1.9 Hz, 1H), 3.47 (dd, J = 9.3, 2.7 Hz, 1H), 
3.35 (s, 3H), 3.05 – 2.91 (m, 2H), 2.93 (d, J = 10.1 Hz, 1H), 2.75 (d, J = 14.2 Hz, 1H), 
1.86 (d, J = 5.7 Hz, 1H), 1.79 – 1.66 (m, 1H), 1.50 (dd, J = 5.8, 1.9 Hz, 1H). 304c’’: 
5.94 (dd, J = 1.4, 0.6 Hz, 1H), 5.49 (ddt, J = 12.7, 4.9, 2.0 Hz, 1H), 5.39 – 5.33 (m, 
1H), 5.30 (dd, J = 1.4, 0.6 Hz, 1H), 4.57 (t, J = 4.1 Hz, 1H), 3.62 (t, J = 6.6 Hz, 1H), 
3.45 (dd, J = 10.5, 1.8 Hz, 1H), 3.33 (s, 3H), 3.03 (d, J = 10.5 Hz, 1H), 2.79 (td, J = 
7.2, 1.2 Hz, 1H), 2.67 (dt, J = 8.0, 2.7 Hz, 1H), 2.30 (d, J = 14.5 Hz, 1H), 1.76 (d, J = 
5.5 Hz, 1H), 1.74 – 1.64 (m, 1H), 1.32 (dd, J = 5.5, 1.8 Hz, 1H). 13C NMR (101 MHz, 
CDCl3) δ 304c’+304c’’: 202.0, 201.6, 149.4, 147.5, 139.8, 131.2, 129.2, 126.0, 118.4, 
115.7, 74.5, 72.8, 71.7, 69.0, 58.9, 58.8, 52.3, 48.2, 47.4, 47.2, 46.7, 44.7, 43.5, 42.3, 
41.9, 32.1, 29.7, 26.4, 21.9, 20.9. HRMS (ESI+) m/z calc. for C15H18NaO3 [M+Na]+: 
269.1148. Found: 269.1139. 
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(1aR*,2S*,3aS*,4S*,6aS*,7R*)-1a-((Benzyloxy)methyl)-7-hydroxy-5-methylene-
1a,2,3,3a,4,5-hexahydro-2,4-prop[1]enocyclopropa[c]pentalen-6(1H)-one (304d’) 
+ (1aR*,2R*,3aS*,4S*,6aS*,9S*)-1a-((benzyloxy)methyl)-9-hydroxy-5-
methylene-1a,2,3,3a,4,5-hexahydro-4,2-prop[1]enocyclopropa[c]pentalen-6(1H)-
one (304d’’). General procedure starting from 260e and water. Reaction time: 5 h. 
Purification: cyclohexane:EtOAc 6:4 (eluted twice). Colorless oil (18.6 mg, yield = 
58%). 304d’:304d’’ = 1:4.  
1H NMR (500 MHz, CDCl3) δ 304d’: 7.38 – 7.31 (m, 5H), 6.10 (dd, J = 2.5, 0.6 Hz, 
1H), 6.08 (ddd, J = 11.6, 6.9, 1.6 Hz, 1H), 5.76 (dd, J = 11.7, 7.3 Hz, 1H), 5.38 – 5.31 
(m, 1H), 4.56 (d, J = 11.9 Hz, 1H), 4.44 (d, J = 11.9 Hz, 1H), 4.38 – 4.34 (m, 1H), 
3.68 (dd, J = 10.0, 1.8 Hz, 1H), 3.47 (dq, J = 9.2, 2.1 Hz, 1H), 3.08 (d, J = 9.8 Hz, 
1H), 3.05 (d, J = 6.7 Hz, 1H), 2.96 (dd, J = 9.1, 7.2 Hz, 1H), 2.74 (d, J = 14.1 Hz, 
1H), 1.87 (d, J = 5.8 Hz, 1H), 1.79 – 1.74 (m, 1H), 1.52 (dd, J = 5.7, 1.8 Hz, 1H). 
304d’’: 7.39 – 7.29 (m, 6H), 5.94 (dd, J = 1.4, 0.6 Hz, 1H), 5.42 (ddt, J = 12.7, 4.7, 
1.9 Hz, 1H), 5.34 (ddt, J = 12.7, 5.2, 0.9 Hz, 1H), 5.29 (dd, J = 1.3, 0.6 Hz, 1H), 4.55 
(d, J = 12.0 Hz, 1H), 4.52 (s, 1H), 4.43 (d, J = 11.8 Hz, 1H), 3.64 – 3.59 (m, 1H), 3.53 
(dd, J = 10.5, 1.7 Hz, 1H), 3.20 (d, J = 10.5 Hz, 1H), 2.82 – 2.77 (m, 1H), 2.73 – 2.69 
(m, 1H), 2.29 (d, J = 14.5 Hz, 1H), 1.77 (d, J = 5.4 Hz, 1H), 1.69 (dddd, J = 14.8, 8.3, 
7.1, 1.5 Hz, 1H), 1.34 (dd, J = 5.5, 1.7 Hz, 1H). 304d’+304d’’: 13C NMR (126 MHz, 
CDCl3) δ 201.9, 149.4, 139.9, 138.0, 131.1, 129.8, 128.4, 128.4, 127.8, 127.74, 127.7, 
127.7, 127.7, 126.1, 118.3, 115.7, 74.5, 73.2, 73.1, 70.5, 69.5, 69.1, 52.5, 48.2, 47.4, 
47.3, 46.8, 45.0, 43.5, 42.4, 42.0, 32.1, 26.4, 22.1, 21.0 (2 peaks missing due to 
overlapping). HRMS (ESI+) m/z calc. for C21H22NaO3 [M+Na]+: 345.1461. Found: 
345.1459. 
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5.3. Crystallographic Data 
5.3.1. (1R*,1aR*,3R*,5aR*)-1-(Methoxymethyl)-1,1a,2,2a,5a,7a-hexahydro-3H-1,3-
methanocyclopropa[f]azulen-3-yl 4-nitrobenzoate (279) 
 
Table 28. Crystal data and structure refinement for 279. 
 
Identification Code CCDC 1489805 
Empirical formula  C21H21NO5 
Formula weight  367.39 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Pna2(1) 
Unit cell dimensions a = 16.3707(4)Å α = 90° 
 b = 9.4790(2)Å β = 90° 
 c = 11.3192(3)Å γ = 90° 
Volume 1756.49(7) Å3 
Z 4 
Density (calculated) 1.389 Mg/m3 
Absorption coefficient 0.099 mm-1 
F(000)  776 
Crystal size  0.2 x 0.1 x 0.1 mm3 
Theta range for data collection 2.483 to 35.924°. 
Index ranges -26<=h<=25,-11<=k<=15,-15<=l<=18 
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Reflections collected  17884 
Independent reflections 6888[R(int) = 0.0267] 
Completeness to theta =35.924°  94.2%  
Absorption correction  Multi-scan 
Max. and min. transmission  0.990 and 0.762 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  6888/ 1/ 245 
Goodness-of-fit on F2  1.073 
Final R indices [I>2sigma(I)]  R1 = 0.0324, wR2 = 0.0866 
R indices (all data)  R1 = 0.0355, wR2 = 0.0880 
Flack parameter  x =-0.2(3) 
Largest diff. peak and hole  0.373 and -0.203 e.Å-3 
 
5.3.2. (1aR*,2S*,3aS*,4S*,6R*,6aS*,7R*)-6,7-Dimethoxy-1a-(methoxymethyl)-5-
methylene-1,1a,2,3,3a,4,5,6-octahydro-2,4-prop[1]enocyclopropa[c]pentalene (297a) 
 
Table 29. Crystal data and structure refinement for 297a.  
 
Identification Code CCDC 489806 
Empirical formula  C17 H24 O3  
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Formula weight  276.36 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1) 
Unit cell dimensions a = 7.7978(18)Å α = 90° 
 b = 12.383(3)Å β = 90° 
 c = 15.345(4)Å γ = 90° 
Volume 1481.7(6) Å3 
Z 4 
Density (calculated) 1.239 Mg/m3 
Absorption coefficient 0.083 mm-1 
F(000)  600 
Crystal size  0.20 x 0.20 x 0.20 mm3 
Theta range for data collection 2.655 to 36.327°. 
Index ranges -12<=h<=11,-20<=k<=19,-25<=l<=25 
Reflections collected  28725 
Independent reflections 7137[R(int) = 0.0144] 
Completeness to theta =36.327°  99.9%  
Absorption correction  Empirical 
Max. and min. transmission  0.984 and 0.757 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  7137/ 0/ 184 
Goodness-of-fit on F2  1.135 
Final R indices [I>2sigma(I)]  R1 = 0.0303, wR2 = 0.0832 
R indices (all data)  R1 = 0.0319, wR2 = 0.0846 
Flack parameter  x =0.35(11) 
Largest diff. peak and hole  0.454 and -0.194 e.Å-3 
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5.4. DFT Calculations
 
(273)  
ΔE (CH2Cl2) = -1213.967223 h 
ΔG (CH2Cl2) = -1214.041973 h 
 
C 3.14074400 -1.29142200 1.03876700 
C 3.72661600 1.07401500 1.03921100 
C 2.23854900 1.00133100 0.70161400 
C 1.87877700 -0.49167600 0.67653800 
H 2.88864500 -2.12321500 1.71126400 
H 3.92076600 1.92759800 1.70571500 
C 1.32601400 0.44264700 1.73450600 
H 1.66537700 0.29686700 2.75859000 
H 0.27589900 0.71457300 1.63982100 
C 1.72215200 1.95460200 -0.34518600 
H 2.05739200 1.61316900 -1.34298200 
H 2.16558800 2.95548000 -0.18337000 
O 0.31808000 2.03706300 -0.31163400 
C -0.19323600 2.63249200 -1.47970600 
H 0.01806300 2.00712400 -2.36399900 
H -1.27696900 2.73068800 -1.35818800 
H 0.23871200 3.63292500 -1.64149300 
C 4.01471600 -0.25068400 1.75254300 
H 3.73824300 -0.18228700 2.81107400 
H 5.07668500 -0.51821500 1.71421400 
C 4.54986700 1.23986700 -0.21362800 
H 4.90382800 2.25042800 -0.42427000 
C 4.87761700 0.27715200 -1.09175300 
H 5.48314400 0.58434500 -1.94600600 
C 4.53186800 -1.14459000 -1.08524300 
H 4.93190600 -1.70515700 -1.93159800 
C 3.79815300 -1.84054400 -0.20089500 
H 3.65120200 -2.90443800 -0.39197600 
C 1.05084000 -1.03373900 -0.35874800 
C 0.44857600 -1.56297100 -1.29551300 
H 0.19519600 -2.08654100 -2.20015600 
Au -1.32075900 -0.59988100 -0.30485500 
P -3.39533700 0.19415300 0.38953000 
C -4.42893900 -1.02609900 1.25669200 
H -5.36932000 -0.55781000 1.57481800 
H -4.65059500 -1.86515100 0.58845200 
H -3.89745600 -1.40610600 2.13574600 
C -3.21590100 1.58913800 1.54611200 
H -2.66498800 2.40202800 1.05932000 
H -4.20340000 1.95310900 1.85764300 
H -2.65329500 1.26742700 2.42991700 
C -4.43680000 0.82156500 -0.96511100 
H -5.38464300 1.20043400 -0.56155900 
H -4.64376600 0.01649400 -1.67836500 
H -3.91846900 1.63150200 -1.49010200 
 
 
(TS273-274)  
ΔE (CH2Cl2) = -1213.943849 h 
ΔG (CH2Cl2) = -1214.020815 h 
 
C 2.90055800 -1.58774300 1.01895600 
C 3.82362700 0.63126800 0.64956900 
C 2.30613200 0.80642400 0.77796300 
C 1.73191800 -0.59537100 0.92744300 
H 2.71985000 -2.32299100 1.81502300 
H 4.35854000 1.46405000 1.12565100 
C 1.61406200 0.39875200 2.04193800 
H 2.17303800 0.20742500 2.95701200 
H 0.63485800 0.84957300 2.20370700 
C 1.64367400 1.81382900 -0.11395600 
H 0.55870500 1.87374800 0.10766100 
H 1.73889800 1.51052300 -1.17701000 
O 2.26223500 3.05669300 0.08888200 
C 1.78279700 4.02895600 -0.80267900 
H 0.69688500 4.18477000 -0.68441300 
H 2.30197400 4.96697900 -0.58509400 
H 1.97942500 3.74301800 -1.85040700 
C 4.10915300 -0.69812400 1.34901500 
H 4.17322400 -0.54429300 2.43272600 
H 5.06043100 -1.14266300 1.03391000 
C 4.18198400 0.59494800 -0.81064900 
H 4.56850500 1.52793300 -1.22497100 
C 4.03285500 -0.43084500 -1.67530300 
H 4.33824000 -0.24671200 -2.70545400 
C 3.52883800 -1.77064900 -1.43623200 
H 3.57276000 -2.43190800 -2.30327300 
C 3.02584000 -2.31550700 -0.29104200 
H 2.83374000 -3.38867700 -0.29130400 
C 0.68497500 -1.05539700 0.00762200 
C 0.89500300 -1.85635000 -0.96267000 
Au -1.35853000 -0.47798300 -0.04923300 
P -3.58628400 0.25808600 -0.00993500 
C -3.75840900 2.00309800 0.48609000 
H -4.81767600 2.29048400 0.48881200 
H -3.34213600 2.14719100 1.48930700 
H -3.21154900 2.64325000 -0.21520200 
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C -4.44290500 0.14756200 -1.61429400 
H -4.46310500 -0.89368500 -1.95386800 
H -5.47217500 0.51578700 -1.51487900 
H -3.91364100 0.75045500 -2.36024700 
C -4.65031300 -0.65954100 1.14940900 
H -5.66869200 -0.25112900 1.12536800 
H -4.24988400 -0.57475600 2.16544200 
H -4.67778000 -1.71851700 0.87038600 
H 0.66911300 -2.45590700 -1.82857000 
 
 
(274) 
ΔE (CH2Cl2) = -1213.982799 h 
ΔG (CH2Cl2) = -1214.056096 h 
 
C 3.25209900 -1.37324500 0.74425000 
C 3.68877300 1.02117200 0.53696700 
C 2.26336100 0.94597200 1.08147300 
C 1.94296200 -0.63289900 1.00064500 
H 3.37567200 -2.17162300 1.48933700 
H 4.22651600 1.86591700 0.99169400 
C 1.91767300 0.15136600 2.27912400 
H 2.68557500 -0.14524300 2.99322900 
H 0.94422100 0.36066500 2.72171900 
C 1.27643800 2.03139900 0.73149600 
H 1.76512600 2.99341900 0.99094200 
H 0.38444700 1.94588100 1.37929100 
O 0.87773600 2.04622600 -0.61054700 
C -0.01358900 3.10354700 -0.86310300 
H 0.46880900 4.08238800 -0.70564500 
H -0.33439900 3.02455200 -1.90586600 
H -0.90048800 3.04620000 -0.20714700 
C 4.35472600 -0.31447200 0.88577200 
H 4.71916600 -0.29212800 1.92046600 
H 5.21969300 -0.51572200 0.24328300 
C 3.58560100 1.22874500 -0.95518900 
H 3.78329400 2.24089100 -1.31043300 
C 3.18578400 0.34126700 -1.87445100 
H 3.10784100 0.70924500 -2.89841400 
C 2.84113700 -1.09059900 -1.75613600 
H 2.89314600 -1.59721000 -2.72045000 
C 3.04659100 -1.99457800 -0.62065500 
H 3.45791700 -2.98249800 -0.81719100 
C 0.94240900 -0.95577800 0.04508600 
C 1.58229200 -1.71712900 -1.00198000 
Au -1.05928900 -0.45508300 0.04010000 
P -3.38062000 0.02155600 0.00548800 
C -3.81530100 1.78018100 -0.20992300 
H -4.90678300 1.89511400 -0.22638700 
H -3.40417700 2.37046800 0.61695000 
H -3.40004200 2.15503000 -1.15256700 
C -4.27894600 -0.82307600 -1.33811000  
H -4.15763800 -1.90759700 -1.24091300 
H -5.34657800 -0.57229700 -1.29386700 
H -3.87409900 -0.51078000 -2.30729900 
C -4.26934200 -0.47465200 1.51950000 
H -5.33682900 -0.23664500 1.42549500 
H -3.85495200 0.05463700 2.38467500 
H -4.15292600 -1.55218500 1.68001700 
H 0.99272600 -2.36540800 -1.64539000 
 
 
(TS274-275)  
ΔE (CH2Cl2) = -1213.955165 h 
ΔG (CH2Cl2) = -1214.029959 h 
 
C -3.13057100 -1.35740800 -1.03312900 
C -3.69926200 0.63038000 0.44283200 
C -2.51308000 1.31506600 -0.04897100 
C -1.80355300 -0.62938100 -1.10236500 
H -3.43709000 -1.68501900 -2.03915900 
H -4.47189400 1.30056900 0.83893100 
C -1.85644500 0.84861100 -1.29963900 
H -2.49372500 1.15306000 -2.14931300 
H -0.86659100 1.30246000 -1.42598200 
C -1.97961800 2.57192300 0.57596000 
H -0.98511000 2.35624200 1.01880600 
H -2.63492200 2.93788800 1.38682600 
O -1.87164400 3.50686800 -0.45600100 
C -1.23819800 4.69035400 -0.02435400 
H -0.21545500 4.48461100 0.33114000 
H -1.19439900 5.36495700 -0.88298500 
H -1.80330400 5.17407600 0.78782900 
C -4.24475900 -0.45219800 -0.46518100 
H -4.77956400 0.04171600 -1.28757900 
H -4.98542000 -1.05047900 0.08051000 
C -2.79840100 0.18935000 1.59570000 
H -2.68634800 0.93780800 2.37840500 
C -2.35724500 -1.07011400 1.91358200 
H -1.97982900 -1.14690500 2.93618400 
C -2.31521400 -2.31338900 1.19942700 
H -2.28562700 -3.18435200 1.85267900 
C -2.78581700 -2.57467800 -0.20602900 
H -3.32626600 -3.50639500 -0.36272500 
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C -0.75734300 -1.30719600 -0.57356500 
C -1.30699700 -2.55844900 -0.03136300 
Au 1.15059300 -0.58836400 -0.22456100 
P 3.32386500 0.26884200 0.19822000 
C 3.68581300 1.83730600 -0.66542800 
H 4.70528100 2.17395800 -0.43641300 
H 3.58762400 1.69608700 -1.74758400 
H 2.97257800 2.60717100 -0.34882600 
C 3.67354300 0.64996200 1.95003000 
H 3.59557400 -0.26286900 2.55117000 
H 4.68427900 1.06505500 2.05585300 
H 2.94451600 1.37744900 2.32467300 
C 4.70205200 -0.82458500 -0.29069500 
H 5.66461000 -0.34130100 -0.07779500 
H 4.63807500 -1.04488600 -1.36207600 
H 4.64090800 -1.76813200 0.26296000 
H -0.71902100 -3.46293000 0.10864100 
 
 
(275)  
ΔE (CH2Cl2) = -1213.976853 h 
ΔG (CH2Cl2) = -1214.052639 h 
 
C -1.45687900 -0.63115800 -0.67975200 
C -2.04534100 -2.79702900 -0.25750500 
H -2.29203700 -3.78466800 -0.67216500 
C -2.63103700 -2.66049400 1.12980600 
H -2.42166100 -3.51867700 1.77022200 
C -3.26380400 -1.62510600 1.70036000 
H -3.50194300 -1.78654100 2.75353300 
C -3.82777100 -0.34186400 1.20571800 
H -4.49672900 0.08581700 1.95343900 
C -3.23887100 0.75677300 0.32109000 
C -1.84952500 0.72287200 -0.30386500 
H -1.08968200 1.18065800 0.34698500 
H -1.90274200 1.34814200 -1.21623200 
C -2.45936000 -1.60366800 -1.17560400 
H -2.14347800 -1.90928300 -2.18476100 
C -3.92010400 -1.17848400 -1.23829500 
H -4.12225000 -0.77427000 -2.23945600 
H -4.55345200 -2.07195700 -1.13447400 
C -4.30152200 -0.14285400 -0.21461000 
H -5.29422400 0.29070300 -0.34565800 
C -3.63781600 2.15945300 0.68769900 
H -4.64189200 2.16189300 1.15306000 
H -2.93138500 2.58123400 1.43037400 
C -3.90905800 4.28848300 -0.21509100 
H -4.90890300 4.41664800 0.23233400 
H -3.87260800 4.82860600 -1.16572900 
H -3.16479000 4.72142500 0.47433000 
O -3.63577700 2.93665600 -0.48077300 
C -0.21685000 -1.25007600 -0.39923700 
C -0.56430800 -2.56243100 -0.17665200 
H 0.12629200 -3.34976400 0.12698600 
Au 1.62127100 -0.32358900 -0.11780800 
P 3.72956100 0.70281400 0.16837300 
C 3.93117100 2.28275000 -0.72259400 
H 3.19149100 3.00797200 -0.36538200 
H 4.93916400 2.68393900 -0.55640700 
H 3.77735100 2.12659900 -1.79602600 
C 4.15749800 1.11033700 1.89436900 
H 4.14943700 0.19982400 2.50367500 
H 5.15523700 1.56596100 1.93840600 
H 3.42260300 1.81192400 2.30440600 
C 5.13184500 -0.31340500 -0.40698500 
H 6.07734600 0.22223900 -0.25098400 
H 5.15699600 -1.25840700 0.14709900 
H 5.01466600 -0.53650900 -1.47328200 
 
 
(276)  
ΔE (CH2Cl2) = -1442.482412 h 
ΔG (CH2Cl2) = -1442.565223 h 
 
C 2.29158500 -1.40298900 1.31747400 
C 4.29292100 -0.27172500 0.25942800 
C 3.39368200 0.25278800 -0.81635600 
C 1.35019600 -0.44355100 0.58086200 
H 1.85922100 -1.50929900 2.32464600 
H 5.17515900 0.34349300 0.45080100 
C 1.90114300 0.00467000 -0.77503400 
H 1.36904400 0.91015400 -1.08355800 
H 1.63932000 -0.76983400 -1.50707900 
C 3.77039900 1.57974100 -1.39991000 
H 3.31624900 1.72038100 -2.40130000 
H 4.86837200 1.66577700 -1.52173700 
O 3.29577700 2.57563400 -0.51886300 
C 3.48477200 3.86652100 -1.02914900 
H 2.96182800 4.00387700 -1.99149700 
H 3.07943400 4.57733200 -0.30103500 
H 4.55443900 4.08931700 -1.18764700 
C 3.72872200 -0.94259700 1.47724800 
H 3.76872500 -0.22628900 2.31092700 
H 4.35707200 -1.79878100 1.77259200 
C 4.29362700 -0.95372200 -1.08266600 
H 5.16634700 -0.74201800 -1.70316000 
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C 3.72699100 -2.30150900 -1.31627800 
H 4.12587900 -2.78003600 -2.21412000 
C 2.80515600 -3.01661200 -0.64967400 
H 2.56081400 -3.99078200 -1.08354400 
C 2.02214200 -2.73186400 0.60970100 
H 2.21078400 -3.57454400 1.29797100 
C 0.10463600 -1.29925400 0.38321400 
C 0.52983800 -2.57860700 0.34133700 
Au -1.78212800 -0.54813400 0.03039800 
P -3.92024300 0.38874300 -0.37765300 
C -4.74141400 -0.12053600 -1.92949400 
H -5.70859400 0.38839300 -2.03502100 
H -4.10502600 0.13382100 -2.78467100 
H -4.90200200 -1.20452700 -1.92683600 
C -5.19722100 0.08278100 0.89461200 
H -4.84850900 0.45851700 1.86331000 
H -6.13446100 0.58828400 0.62656000 
H -5.38076300 -0.99363700 0.98605500 
C -3.87803200 2.21190500 -0.50116200 
H -4.87998900 2.61173200 -0.70572800 
H -3.19493200 2.50937100 -1.30523700 
H -3.50388300 2.63336100 0.43906300 
H -0.09817200 -3.44036900 0.10804500 
O -0.10273800 2.01748200 0.20586900 
C 0.62292700 1.83947500 1.16470000 
O 1.24339600 0.70067000 1.47805100 
C 0.94904700 2.89907000 2.17673500 
H 0.35307900 3.79515600 1.98745400 
H 0.76858900 2.53409100 3.19389200 
H 2.01553200 3.14427200 2.10021400 
 
 
(277)  
ΔE (CH2Cl2) = -1442.465965 h 
ΔG (CH2Cl2) = -1442.553291 h 
 
C 2.29848600 -0.21180000 1.56201200 
C 2.65545700 2.02168500 0.72075300 
C 1.14213800 1.77968000 0.73660100 
C 0.92339600 0.36937900 1.25540200 
H 2.26364300 -0.79939200 2.49379200 
H 2.89355300 3.05133100 1.02739200 
C 0.46493700 1.54150600 2.05949300 
H 0.98003200 1.78040800 2.99137300 
H -0.60846500 1.73909300 2.08132100 
C 0.33491200 2.32368500 -0.39720200 
H -0.73405300 2.05280800 -0.28114900 
H 0.67157100 1.88675700 -1.36018000 
O 0.48323300 3.72601500 -0.44028000 
C -0.18206400 4.27862500 -1.54095600 
H -1.26582100 4.06616000 -1.50970000 
H -0.03369700 5.36310400 -1.51837300 
H 0.21375900 3.88309700 -2.49351800 
C 3.22218600 0.99131200 1.70528900 
H 3.15841300 1.37582900 2.73302400 
H 4.27059600 0.75777300 1.50157800 
C 3.22006800 1.80141800 -0.65717900 
H 3.45127600 2.70644200 -1.22462500 
C 3.46911300 0.64350400 -1.27492900 
H 3.90131400 0.70336000 -2.27811600 
C 2.48829600 -1.22194700 0.40763400 
H 3.05155400 -2.09972300 0.75624900 
C 0.14210500 -0.67261200 0.53119000 
C 1.04078100 -1.57959800 0.09428400 
Au -1.88402000 -0.62141600 0.15598400 
P -4.21334700 -0.51892500 -0.30697300 
C -4.70073700 0.86110500 -1.40341700 
H -5.78853800 0.87064200 -1.55279800 
H -4.38882800 1.81365600 -0.95927200 
H -4.20385200 0.75323000 -2.37439100 
C -4.91455900 -1.98832900 -1.13760900 
H -4.76406500 -2.87423000 -0.51057200 
H -5.98868700 -1.85190200 -1.31928700 
H -4.40486100 -2.15011800 -2.09419400 
C -5.29229300 -0.30046800 1.15149500 
H -6.34573100 -0.25584100 0.84554500 
H -5.02764900 0.62740000 1.67119900 
H -5.15258000 -1.13758300 1.84460700 
H 0.80863100 -2.44614300 -0.52976600 
C 3.17411700 -0.78753400 -0.91567700 
H 2.50946700 -1.13731400 -1.72183800 
O 4.34554200 -1.61021700 -1.21594400 
C 5.45245800 -1.50959900 -0.47455900 
O 5.58587800 -0.77898500 0.48252000 
C 6.52898000 -2.43045600 -0.97372200 
H 6.20659400 -3.02251200 -1.83335500 
H 7.40733600 -1.83508600 -1.24755800 
H 6.83294200 -3.09738200 -0.15933200 
 
 
(280)  
ΔE (CH2Cl2) = -619.117380 h 
ΔG (CH2Cl2) = -619.168977 h 
 
C 0.92298800 -1.09755900 0.00522200 
C 2.67043200 0.26081400 0.43147600 
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H 3.34432800 0.75923900 1.14174200 
C 2.29169600 1.16716200 -0.70021900 
H 3.14261600 1.45553400 -1.32225900 
C 1.09153300 1.61977700 -1.11389500 
H 1.12932800 2.20043200 -2.03734900 
C -0.27431300 1.58030400 -0.54880100 
H -0.89157900 2.38614700 -0.94762500 
C -1.08777900 0.31848700 -0.26455700 
C -0.44464900 -1.04773700 -0.45048500 
H -0.56661800 -1.45222200 -1.46381100 
H -1.00822600 -1.72237500 0.23238300 
C 1.40746900 -0.29810100 1.13712700 
H 1.79377500 -1.02304100 1.88010500 
C 0.43961100 0.66360600 1.79848400 
H -0.05440700 0.15730100 2.63875300 
H 1.00738400 1.49849400 2.23154500 
C -0.62376200 1.17380700 0.86242200 
H -1.39772100 1.77215800 1.34445200 
C -2.54858100 0.30983300 -0.60362500 
H -2.95952300 1.33378900 -0.52294900 
H -2.70866000 -0.02651700 -1.64641200 
C -4.55465200 -0.71695200 0.00101000 
H -5.09115900 0.24344600 0.06578300 
H -4.97290200 -1.40996200 0.73640200 
H -4.70292600 -1.13121400 -1.00971200 
O -3.18749400 -0.55943600 0.29481400 
C 2.04333200 -1.80237000 -0.63747700 
H 2.02012100 -2.86126500 -0.32679900 
H 1.91229400 -1.81719500 -1.72695400 
C 3.28317900 -1.03832000 -0.13927400 
H 4.00198800 -0.85488500 -0.94441100 
H 3.80282500 -1.58888700 0.65414500 
 
 
 
 
(281)  
ΔE (CH2Cl2) = -619.128917 h 
ΔG (CH2Cl2) = -619.176462 h 
 
C -1.36919400 -0.89124700 0.18747300 
C -1.39853900 1.50538200 0.34660900 
H -2.23862100 2.21026900 0.36157700 
C -0.17161000 2.29736400 0.01020500 
H -0.23187000 3.35804900 0.26228200 
C 1.00713000 1.89449100 -0.48965900 
H 1.79239900 2.64109900 -0.60479500 
C 1.38897500 0.51788100 -0.88232000 
H 2.33070700 0.51403400 -1.44157100 
C -0.02867800 -1.34497900 -0.35207400 
C -1.23071900 -2.23116900 -0.44892500  
H -1.25198900 -3.09271000 0.21852100 
H -1.65372500 -2.42431000 -1.43510800 
C -1.75778400 0.33429600 -0.61937000 
H -2.83660900 0.36983800 -0.82571400 
C -0.95394600 0.24727900 -1.91329900 
H -1.47188300 -0.39594400 -2.63550200 
H -0.80058200 1.21496100 -2.40389100 
C 0.35484600 -0.42738000 -1.50270200 
H 0.82431300 -0.96686100 -2.33561800 
C 1.17436100 -1.58287000 0.47366100 
H 0.99678000 -1.81716900 1.52910700 
H 1.90002100 -2.28332400 0.03784400 
C 3.18334000 -0.15121900 0.82344500 
H 3.27108300 -0.59457900 1.81689800 
H 3.43524300 0.91019000 0.85609900 
H 3.79513500 -0.68856400 0.09101900 
O 1.78709700 -0.23499700 0.44427100 
C -1.65968300 -0.60339800 1.63000900 
H -2.73463500 -0.73618800 1.81985800 
H -1.12954500 -1.26352600 2.33004200 
C -1.24782500 0.86753400 1.76978400 
H -0.19844800 0.92843100 2.08831400 
H -1.83859000 1.40449300 2.51944400 
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General Conclusions 
In this Doctoral Thesis several annulation strategies have been developed in the 
context of the synthesis of polycyclic aromatic hydrocarbons and natural products. 
These strategies have enabled the following accomplishments:  
 
• A new disc-shaped graphene cutout containing 54 carbon atoms was synthesized 
in an efficient and practical manner using a Diels-Alder cycloaddition as the key 
disconnection (see Chapter I). Furthermore, a new advanced crushed fullerene 
C60H24, which proved to form C60 upon laser irradiation, was prepared through a 
Pd-catalyzed sixfold arylation (see the corresponding publication in the appendix 
for details). 
• A novel gold(I)-catalyzed synthesis of partially saturated acene derivatives was 
developed, which allowed the preparation of a range of functionalized 
hydroacenes, as well as expanded systems up to tetrahydrononacene, which 
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proved to form the parent nonacene through on-surface dehydrogenation (see 
Chapter II). 
• The outstanding ability of gold(I) complexes to construct complex polycyclic 
architectures was also evaluated in the context of the total synthesis of natural 
product derivatives. Thus, a convergent total synthesis of lundurines A-C was 
developed using a gold(I)-catalyzed hydroarylation as one of the key steps (see 
the corresponding publication in the appendix for details). Furthermore, a novel 
strategy for the construction of the [3,5,5,7] tetracyclic skeleton of the 
echinopines was established based on a gold(I) alkoxycyclization of enynes (see 
Chapter III). 
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ABSTRACT: The total synthesis of lundurines A−C has
been accomplished in racemic and enantiopure forms in
11−13 and 12−14 steps, respectively, without protection/
deprotection of functional groups, by a novel tandem
double condensation/Claisen rearrangement, a gold(I)-
catalyzed alkyne hydroarylation, a cyclopropanation via
formal [3 + 2] cycloaddition/nitrogen extrusion, and a
remarkable oleﬁn migration through a vinylcyclopropane
retro-ene/ene reaction that streamlines the endgame.
Lundurines A (1), B (2), and C (3) were isolated fromKopsiatenuis,1 a plant endemic to the north of Borneo, and show
interesting cytotoxicity.2 These alkaloids feature a unique
indoline-fused polyhydropyrroloazocine and cyclopropyl moiety
fused to the indoline (Figure 1). Related alkaloids lacking the
cyclopropane ring, such as lapidilectam, lapidilectines, grandi-
lodines, and tenuisines, have also been isolated from plants of the
Kopsia genus.3
The lundurines have recently attracted considerable atten-
tion,4 and the total syntheses of lundurine A and lundurine B
have been reported.4b−f However, all previous approaches were
lengthy, involving over 20 linear synthetic steps, thus making the
synthesis of large quantities of the natural products and/or
analogues, for broad biological assays, inconvenient.4b−f We now
report the expedient total synthesis of the three members of the
lundurine family, including the ﬁrst total synthesis of racemic and
enantiopure lundurine C, by constructing the key lactam
intermediate 4 in a single step by a condensation/Claisen
rearrangement followed by a gold(I)-catalyzed intramolecular
hydroarylation to form the 8-membered ring5 (Scheme 1). In our
initial plan, we expected that a transition-metal-catalyzed
reaction of a carbene precursor of type I would lead to
intramolecular cyclopropanation of the indole nucleus. However,
a more eﬀective solution was found using an acid-catalyzed
pyrazoline formation. The endgame relied on an unexpectedly
facile vinylcyclopropane retro-ene/ene reaction that led to
alkene migration, streamlining the culmination of the synthesis.
For the synthesis of key chiral intermediate 5, we envisioned
condensing oxoester 6 with commercially available 5-methoxy-
tryptamine. This should lead to imine 7, which should undergo
lactamization to form pyrrolidinones 8-Z and 8-E. Ultimately, 8-
Z and 8-E could aﬀord 5 through a Claisen rearrangement.6 For
the enantioselective synthesis of 4, we proposed building the C20
stereocenter by enantiodiscrimination through transfer of
chirality in the Claisen rearrangement (Scheme 2).
Examples of eﬃcient transfer of chirality on ﬂexible systems
featuring a “traceless” chiral auxiliary on the allyl fragment, and in
the absence of a Lewis acid, are scarce.7 Nonetheless, we
prepared a range of (S)-chiral alcohols by enzymatic resolution of
the racemic allylic alcohols,8 which were converted into the
desired chiral oxoesters 6 in a single step. The best transfer of
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Figure 1. Lundurines A−C and related alkaloids.
Scheme 1. Retrosynthetic Approach
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chirality was achieved with R = c-pentyl (89:11 er). It is important
to note that the use of basic conditions turned out to be essential
to avoid the Pictet−Spengler type reaction that would form
tetrahydro β-carbolines.9 Thus, mixtures of pyridine/toluene or
Et3N/toluene proved to be optimal, aﬀording high yields of
lactam (R = H: 5a 74%; R = c-pentyl, 5f 84%) (Scheme 3).
Initially, we had expected that the system would be under
Curtin−Hammett conditions, as a result of a fast equilibrium
between 8-Z and 8-E. However, in a closely related model
system, we isolated the E- and Z-pyrrolidinones (2.6:1 ratio),
which did not undergo equilibration after being heated at 100 °C
in 1:2 toluene−Et3N for several hours.10 Presumably, the major
8-E pyrrolidinone reacts preferentially through a boat-like
transition state TSE‑boat to form (S)-5, whereas the minor isomer
8-Z reacts through TSZ‑chair (Scheme 2).
11
Aldehyde 5 was immediately homologated into the corre-
sponding alkyne 4 employing the Ohira−Bestmann reagent (4a
88%; 4f 84%, 89:11 er), setting the stage for the key 8-endo-dig
gold(I)-catalyzed hydroarylation (Scheme 3). This was accom-
plished with perfect 8-endo selectivity with 5 mol % AuCl (9a
83%; 9f 79%, 89:11 er). Compound 9f was crystallized to obtain
virtually enantiopure material (mother liquor, 56%, > 99:1 er).
The methyl carbamate at the indole nitrogen was then
introduced (10a 80%; 10f 88%), and the exocyclic oleﬁn was
converted to the corresponding aldehyde via a dihydroxylation/
oxidative cleavage sequence, that was performed in one pot.
Although aldehyde 11may be isolated, it was routinely converted
without further puriﬁcation into tosyl hydrazone 12 ((±)-12,
91% and (+)-12, 79% from 10). The absolute conﬁguration of
(+)-12 was determined by single crystal X-ray diﬀraction,
conﬁrming the C20 (S)-conﬁguration of all previous inter-
mediates.
Initial attempts to form 14a by various transition-metal-
catalyzed procedures4f were unsuccessful. However, 14b was
formed through deprotonation of the hydrazone and generation
of the corresponding diazo compound, although we were not
able to obtain yields higher than 20−25%, the main products
being the undesired vinyl-substituted tetracycles 13a−b
(Scheme 4). Most surprising was the fact that in 14b12,13 the
double bond had migrated to the opposite side of the
hexahydroazocine ring. We also isolated pyrazoline 15,12 which
is the ﬁrst example of a formal [3 + 2] dipolar cycloadduct
between a diazocompound and an indole. By performing a
formal [3 + 2] cycloaddition of tosyl hydrazone 12 in the
presence of BF3·OEt2 as the Lewis acid,
14 we obtained 14a in
79−80% yield. Remarkably, this product of direct cyclo-
propanation (14a) could be converted in essentially quantitative
yield into its isomer 14b by simple heating at 155 °C for 2 h.
Scheme 2. Enantioselective Claisen Rearrangement
Scheme 3. Synthesis of (+)-9f and Hydrazone (+)-12a
aCYLview depiction of the X-ray crystal structure of (+)-12.
Scheme 4. Indole Cyclopropanation andOleﬁn Isomerization
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The puzzling isomerization of 14a most likely proceeds by a
homodienyl retro-ene rearrangement15 via 1,4-diene II, followed
by the reverse process to form 14b (Scheme 5). This type of
transformation has been studied before in cyclic and bicyclic
systems, leading irreversibly to skipped dienes.16 The homo-
dienyl retro-ene rearrangement of bicyclo[5.1.0]octen-2-ene has
been reported to take place at 150−170 °C, to furnish 1,4-
cyclooctadiene with an activation energy of ca. 33 kcal·mol−1.16d
The reverse process, the formation of vinyl cyclopropanes from
skipped dienes under thermal conditions, has only one precedent
in the oxy-homodienyl rearrangement, which requires a
temperature of ca. 260 °C (activation energies of 41−43.5 kcal·
mol−1).17 However, according to DFT calculations, the two
transition states for the hydrogen shifts in our system have much
lower barriers (ca. 29.5 kcal·mol−1) and the formation of a more
stable conjugated enaminone drives the equilibrium toward the
formation of 14b.18
Isomers 14a and 14b behave very diﬀerently in their reactions
with borane. Thus, whereas 14a reacted with excess BH3·SMe2
by exclusive reduction of the lactam to give 16 (56%), 14b led to
an unexpected and remarkably inert heptacyclic diborane 17
(Scheme 6).
Hydrogenation of 16 using PtO2 as the precatalyst gave
lundurine C (3), albeit in a rather low yield (44%), while
hydrogenation of the oleﬁn of 14a prior to borane reduction of
the lactam was unsuccessful. Gratifyingly, the ready access to 14b
led to a considerably more eﬃcient synthesis of 3 and, more
importantly, provided an entry to the synthesis of lundurines A
(1) and B (2). Hence, the ﬁrst total synthesis of 3 could be
completed in two steps from 14b, by reduction of the enaminone
double bond with NaBH3CN
19 in the presence of formic acid to
form saturated lactam 18, followed by a second reduction with
BH3·SMe2 (Scheme 7). Surprisingly, enantiopure lundurine C
(3) presented an optical rotation ([αD
589 =−1.1± 0.6°, CHCl3, c
0.98, 300 K] and [αD
589 = −6.2 ± 0.8°, CH2Cl2, c 0.3, 301 K])
diﬀering signiﬁcantly from the one reported for the natural
product [αD
589 = −25°, CHCl3, c 0.067],1,2 although chiral
HPLC analysis of our synthetic sample of lundurine C left no
doubt with regards to its enantiopurity. Furthermore, we
prepared crystalline quaternary ammonium iodide 19, whose
absolute conﬁguration was established by X-ray crystallography.
The discrepancy in the value of the optical rotation may arise
from the very low concentration at which the natural product was
measured originally that induced a signiﬁcant error in the
measurement.
Lundurines A (1) and B (2) were both prepared in three
additional steps from 18, by thiolation/C-sulﬁnylation−elimi-
nation and either oxidation or reduction (Scheme 7).
Intermediate 18 was ﬁrst subjected to Lawesson’s reagent to
form thiolactam 21, which then reacted with p-toluenesulﬁnyl
chloride, in the presence of Hünig’s base, to generate in situ an α-
Scheme 5. Migration of the Oleﬁn from 14a to 14b via
Homodienyl Retro-Ene/Ene Rearrangementa
aNumbers in parentheses correspond to relative free energies in kcal·
mol−1 (B3LYP/6-31G(d), solvent = toluene).
Scheme 6. Reduction of 14a−b with Boranea
aCYLview depiction of the X-ray crystal structure of (±)-17.
Scheme 7. Synthesis of Lundurines A−Ca
aCYLview depictions of the X-ray crystal structures of iodide salt 19
and lundurine A ((−)-1), with absolute conﬁgurations.
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sulﬁnyl thiolactam.20 Upon heating at 80 °C, a Cope-type
elimination gave thiolundurine A (22). Oxidation of 22 with m-
CPBA at −78 °C produced (−)-lundurine A (1) in 69% yield,
while treatment of 22 with iodomethane followed by sodium
borohydride gave (−)-lundurine B (2) in 72% yield.
Interestingly, unlike stated in the isolation and previous
syntheses, racemic and enantiopure 1 are crystalline solids and
we have also obtained the crystal structure of this natural
product, conﬁrming its absolute conﬁguration and the one of the
whole family of natural compounds.
In conclusion, we have developed a uniﬁed approach toward
the synthesis of lundurines A−C, including the ﬁrst enantiose-
lective total synthesis of lundurine C, taking advantage of a
gold(I)-catalyzed 8-endo-dig selective hydroheteroarylation to
build the polyhydroazocine ring. Our synthesis of the lundurines
is the shortest and most eﬃcient to date (12−14 steps from
known chiral alcohol 20f,21 6.6% overall yield for lundurine C
and 3% overall yield for lundurines A and B, >99:1 er) and is
perfectly suited to the preparation of analogues for biological
evaluation as well as its extension to the synthesis of other Kopsia
alkaloids. Worthy of note is the implementation of a practical
chirality transfer in a complex tandem transformation and the
new intramolecular cyclopropanation of indoles by formation of
a pyrazoline by formal [3 + 2] cycloaddition in the presence of a
Lewis acid. Finally, as often encountered in total synthesis
endeavors, serendipity also played a signiﬁcant role in the
discovery of a new transformation in which a double bond
migrates by means of a homodienyl retro-ene/ene rearrange-
ment, which streamlined the access to this family of alkaloids.
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Escudero-Adań, E. C.; Benet-Buchholz, J. B.; Ballester, P. Acta
Crystallogr., Sect. B: Struct. Sci., Cryst. Eng. Mater. 2014, 70, 660−668.
The absolute configuration was determined reliably with a Flack13b value
based on Parsons’ quotients13c of the 0.00(8) R1 value for the structure
of 2.86%. (b) Flack, H. D. Acta Crystallogr., Sect. A: Found. Crystallogr.
1983, 39, 876−881. (c) Parsons, S.; Flack, H. Acta Crystallogr., Sect. A:
Found. Crystallogr. 2004, 60, S61.
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Abstract: Methods for the highly stereoselective and regiodi-
vergent hydrosilylation of 1,3-disubstituted allenes have been
developed. The synthesis of E allylsilanes is accomplished with
palladium NHC catalysts, and trisubstituted Z alkenylsilanes
are accessed with nickel NHC catalysts. Unsymmetrically
substituted allenes are well tolerated with nickel catalysis and
afford Z alkenylsilanes. Evidence for a plausible mechanism
was obtained through an isotopic double-labeling crossover
study.
Alkenyl- and allylsilanes are both useful structural classes
for a broad array of synthetic transformations.[1] For example,
alkenylsilanes are versatile nucleophiles in Hiyama–Denmark
cross-couplings,[2] and allylsilanes are attractive intermediates
for cycloaddition reactions[3] and allylation processes.[4] The
benefits of silane reagents over alternative metalated species
are their low toxicity, ease of isolation and storage, and
stability through multistep synthetic sequences without
observed degradation.[1] Numerous successful approaches to
alkenyl- and allylsilanes by catalytic hydrosilylation methods
involving alkyne or 1,3-diene substrates have permitted
access to these product classes with a variety of metal
catalysts.[5] However, even the best methods often lack high
levels of regio- and stereoselectivity for substrates without
inherent steric or electronic biases. Allenes represent
a reagent class that potentially offers access to both alkenyl
and allylsilanes by regiodivergent hydrosilylation reactions,
but the presence of two orthogonal and often comparably
reactive p-systems presents a considerable challenge in terms
of regiocontrol.[6,7] For these reasons, allene hydrosilylations
have received little attention,[8] with the Lewis acid catalyzed
hydrosilylation of 1,3-disubstituted allenes towards trisubsti-
tuted E-configured trialkyl alkenylsilanes (Figure 1) being
a rare example that exhibits regiocontrol and stereoselecti-
vity.[8a]
As part of a general program to develop and understand
regiodivergent catalytic processes,[9] previous studies from our
laboratory described the regiodivergent hydrosilylation of
terminal allenes in processes that exploit the electronic and
steric bias of monosubstituted allenes and that utilize metal
identity and ligand structure as key control elements.[10] In
contrast to our earlier studies, 1,3-disubstituted allenes
present a more substantial challenge in terms of regiocontrol
given the steric and electronic similarity of the two contiguous
p-systems.[6g,11] Compared with functionalizations of mono-
substituted allenes, hydrosilylations involving 1,3-disubsti-
tuted allenes present considerably more potential value given
the greater range of structural diversity and stereochemical
complexity that can be installed in the product structures.
Herein, we describe highly regioselective hydrosilylations of
1,3-disubstituted allenes that complement the stereochemical
outcome of previously reported Lewis acid catalyzed pro-
cesses.
We initially employed a strategy for catalyst generation
that requires an N-heterocyclic carbene (NHC) hydrochlo-
ride salt with KOtBu as the base and either [Pd2dba3] or
[Ni(cod)2] precatalysts (Table 1). In reactions of symmetri-
cally n-hexyl-disubstituted allene 1, the bulky ligand IPr*OMe
(6) was found to be ineffective for promoting the Pd-catalyzed
hydrosilylation as only starting material was recovered
(Table 1, entry 1). As the steric demands placed on the
system by ligand 6 likely prevented reactivity, the smaller
NHC ligand IMes (4) was instead employed with Pd and
favored the formation of E allylsilane 2a with excellent
regioselectivity (> 98:2 allyl/alkenyl) but only moderate d.r.
(75:25 E/Z) in 80% yield (entry 2). However, changing the
NHC ligand to IPr (5) resulted in the formation of E allylsi-
lane 2a with excellent regio- and stereoselectivity (> 98:2 2a/
3a, > 98:2 E/Z) in 75% yield (entry 3).
After identifying conditions that favored the formation of
E allylsilanes with Pd0, we examined how stereodefined
alkenylsilanes could be accessed with nickel catalysis
(Table 1, entries 4 and 5). Using the same catalyst-generation
strategy, it was found that reactions with Ni and the large
ligand IPr (5) primarily afforded Z alkenylsilane 3a with
moderate regioselectivity (60:40 vinyl/allyl) and in 84% yield,
Figure 1. Regio- and stereoselective allene hydrosilylation.
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but as a mixture of the diastereomeric allylsilanes (75:25 E/Z ;
entry 4). However, increasing the steric bulk of the NHC
ligand through the use of IPr*OMe (6) provided an efficient
solution for Z alkenylsilane generation, as 3a was exclusively
formed with exceptional regio- and stereoselectivity (> 98:2
3a/2a and d.r.) in an excellent yield of 89% (entry 5).
Further exploration of these complementary methods
involved the evaluation of symmetrically substituted 1,3-
disubstituted allenes with Me2PhSiH and BnMe2SiH for both
the Pd0-based (conditions A) and Ni0-based (conditions B)
procedures (Table 2). Reactions with n-aliphatic substrates
using conditions A afforded allylsilanes functionalized with
BnMe2SiH (2a) or Me2PhSiH (2b) in excellent yields and
stereoselectivities (entries 1 and 2). Products with a more
hindered aliphatic substituent (2c) or silyl-ether-containing
moieties (2d) were also afforded using the palladium-based
procedure with high stereo- and regioselectivities (entries 3
and 4). The Ni0 method afforded Z alkenylsilanes with
n-aliphatic substituents (3a and 3b) with both BnMe2SiH
and Me2PhSiH (entries 5 and 6, respectively). Substrates with
more hindered aliphatic substituents and a silyl-ether-con-
taining allene could be coupled with Me2PhSiH in high yields
and selectivities (3c and 3d, respectively; entries 7 and 8).
Cyclic allenes were also viable substrates in the nickel-
and palladium-based procedures to afford cyclic Z alkenylsi-
lanes or E allylsilanes (Scheme 1). For example, 15-mem-
bered cyclic allene 7 was converted into Z alkenylsilane 8
using nickel catalysis in excellent yield and stereoselectivity
(> 98:2). The reaction with the same substrate using the Pd0
method afforded E allylsilane 9 in moderate yield (66%) and
exceptional regio- and stereoselectivity (> 98:2).
The evaluation of the reaction scope continued with the
study of unsymmetrically 1,3-disubstituted allenes. The Pd-
catalyzed hydrosilylation resulted in low regioselectivity
favoring silyl addition to the more hindered carbon atom
(Scheme 2). A mixture of the regioisomers 10a and 11a
(60:40) was afforded when Me2PhSiH was employed as the
silylating reagent (Scheme 2).
In contrast, the nickel-based coupling of unsymmetric 1,3-
disubstituted allenes with silanes afforded Z alkenylsilanes
with excellent selectivities when the allene substituents were
sufficiently different in size (Table 3). For example, an allene
with isobutyl and n-hexyl substituents afforded an equal
mixture of the corresponding Z alkenylsilanes in a moderate
49% yield (12a and 13a ; entry 1). However, by increasing the
size of one of the substituents to isopropyl while maintaining
a less hindered n-hexyl group, Z-alkenylsilane 12b could be
obtained with exceptional regio- and stereoselectivity
(> 98:2) in 64% yield (entry 2). This effect was further
explored with sterically differentiated allenes functionalized
with one cyclohexyl and one n-hexyl substituent (12c and
Table 1: Initial screen of allene hydrosilylations with a nickel or palladium
catalyst.
Entry Precatalyst[a] L·HX[b] Yield [%] 2a/3a[c] 2a (E/Z) 3a (Z/E)
1 [Pd2dba3] 6 n.r. – – –
2 [Pd2dba3] 4 80 >98:2 75:25 n.d.
3 [Pd2dba3] 5 75 >98:2 >98:2 n.d.
4 [Ni(cod)2] 5 84 40:60 75:25 >98:2
5 [Ni(cod)2] 6 89 <2:98 n.d. >98:2
[a] For reactions with the Ni catalyst: [Ni(cod)2] (10 mol%), 5 or 6
(10 mol%). For reactions with the Pd catalyst: [Pd2dba3] (2.5 mol%),
L·HX (5.0 mol%). [b] Ligands 4 and 5 were used as the HCl salt with
KOtBu. Ligand 6 was used as the neutral ligand without base.
[c] Regioselectivity determined by 1H NMR spectroscopy and GC
analysis of the crude reaction mixture. dba= (E,E)-dibenzylideneace-
tone, cod= cycloocta-1,5-diene, n.d.=not determined, n.r.=no reac-
tion.
Table 2: Metal-divergent hydrosilylations of symmetric allenes.
Entry R1 Cond.[a] Silane Product Yield
[%]
2/3[b] d.r.
(E/Z)
1 nHex A BnMe2SiH 2a 75 >98:2 >98:2
2 nHex A Me2PhSiH 2b 84 >98:2 >98:2
3 Cy A Me2PhSiH 2c 58 >98:2 >98:2
4 A Me2PhSiH 2d 64 >98:2 >98:2
5 nHex B BnMe2SiH 3a 89 <2:98 <2:98
6 nHex B Me2PhSiH 3b 85 <2:98 <2:98
7 Cy B Me2PhSiH 3c 65 <2:98 4:96
8 B Me2BnSiH 3d 75 <2:98 15:85
[a] Conditions A: [Pd2dba3] (2.5 mol%), KOtBu (5.0 mol%), L·HX
(5.0 mol%). Conditions B: [Ni(cod)2] (10 mol%), 6 (10 mol%). Ligand 6
was used without base. [b] Regioselectivity determined by 1H NMR
spectroscopy and GC analysis of the crude reaction mixture.
Scheme 1. Regiodivergent hydrosilylation of a cyclic allene.
Scheme 2. Palladium-catalyzed hydrosilylation of an unsymmetric
allene.
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12d) and both Me2PhSiH and BnMe2SiH and for allenes with
one tert-butyl and one n-hexyl substituent (12e). All reactions
favored the formation of the Z alkenylsilanes where the
hydride has been added to the terminal carbon atom of the
allene closest to the larger substituent. Further elaboration of
the less hindered substituent while maintaining one substitu-
ent with greater steric encumbrance is also possible as allenes
with aromatic (12 f) or benzyl ether (12g) moieties resulted in
highly regio- and stereoselective outcomes favoring the
Z alkenylsilane isomers.
To probe the mechanism of the addition process, a series
of double-labeling studies were performed with cyclohexyl-
allene and the Ni or Pd catalyst (Scheme 3) utilizing mixtures
of Et3SiD and nPr3SiH.
[12] Additions to a monosubstituted
allene were studied to simplify the analysis, as this substrate
permitted the highest regioselectivities using commercially
available deuterated silane reagents. For both the nickel- and
palladium-catalyzed reactions, only traces of the crossover
products were observed, indicating that a single molecule of
R3SiH delivers the SiR3 and H to a single product molecule,
thus ruling out the involvement of metal hydrides that lack
the silyl group or metal silyl species that lack the hydride. This
outcome stands in contrast to a recent study by Schmidt and
Tafazolian who observed the crossover products when
cationic catalysts were used, thus indicating that the mech-
anism of allene hydrosilylation is highly catalyst-depend-
ent.[8c] Based on this outcome, a likely mechanism involves
coordination of the nickel or palladium catalyst to the
sterically least encumbered face of the allene to form complex
22 or 23 (Figure 2). Notably, only the nickel-catalyzed hydro-
silylation effectively differentiates the p-systems of unsym-
metric allenes (compare Scheme 2 and Table 3). Subsequent
Siˇ H cleavage and insertion across the least hindered p-bond
affords 24 with Ni or 25 with Pd. Evidence for this step can be
found in recent computational studies that have indicated that
Siˇ H cleavage and migratory insertion take place in one
step.[13] Bond rotation of the s-allyl species occurs to form p-
allyl intermediate 26 (with Ni) or 27 (with Pd), thus minimiz-
ing allylic 1,3-strain. Reductive elimination occurs directly
from these intermediates as governed by the geometry of the
trigonal p-complex, with a high kinetic barrier for exchange as
has been observed in diborations[6a] and silaborations[6e] of
allenes. The selectivity in additions to unsymmetric allenes
with the nickel-catalyzed procedure is likely a result of site-
selective coordination to the sterically least encumbered
p-bond followed by migratory insertion. Analogous mecha-
nistic proposals have been made by Jamison and Ng in the
development of regioselective reductive couplings of 1,3-
disubstituted allenes and aldehydes, which afforded allylic
alcohol derivatives with Z configuration.[14]
The ability to transform unsymmetrically substituted
allenes into regio- and stereodefined Z alkenylsilanes can be
paired with a variety of synthetic operations (Scheme 4). For
example, alkenylsilane intermediate 12d, afforded by regio-
and stereoselective allene hydrosilylation, can afford 28 in
86% yield; this transformation represents a new strategy for
the site-selective installation of anE alkene. Treatment of 12d
Table 3: Hydrosilylations of unsymmetrically substituted allenes.
Entry R1 R2 Silane Prod. Yield
[%]
Vinyl/
allyl[a]
12/13 Z/E
1 iBu nHex BnMe2SiH 12a 49 91:9 50:50 >98:2
2 iPr nHex BnMe2SiH 12b 64 98:2 98:2 >98:2
3 Cy nHex Me2PhSiH 12c 51 >98:2 >98:2 >98:2
4 Cy nHex BnMe2SiH 12d 70 >98:2 >98:2 >98:2
5 tBu nHex BnMe2SiH 12e 52 >98:2 >98:2 >98:2
6 Cy BnMe2SiH 12 f 66 >98:2 >98:2 95:5
7 Cy BnMe2SiH 12g 72 >98:2 >98:2 90:10
[a] Regioselectivity determined by 1H NMR spectroscopy and/or GC
analysis of the crude reaction mixture.
Figure 2. Proposed origin of the metal-directed regiodivergence.
Scheme 3. Double-labeling studies of the metal-dependent hydrosilyla-
tion pathways. Scheme 4. Synthetic manipulations of a trisubstituted Z alkenylsilane.
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with NIS enabled the formation of stereodefined iodide 29 in
77% yield. Furthermore, the Pd-catalyzed cross-coupling
reaction of 12d with 4’-iodoacetophenone furnished trisub-
stituted Z-arylalkene 30 in an excellent 79% yield.
In summary, the hydrosilylation of 1,3-disubstituted
allenes is an effective method for the synthesis of E allylsi-
lanes and Z alkenylsilanes. The metal identity (Pd vs. Ni) can
be exploited not only to direct the regiochemical outcome,
but also to control the olefin geometry. Mechanistic inves-
tigations suggest that both pathways involve mechanisms
where the Siˇ H unit is installed into a single molecule of
product. Future work will explore the expansion of these
findings to other regiodivergent transformations.
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Fullerenes
Synthesis of a Crushed Fullerene C60H24 through Sixfold
Palladium-Catalyzed Arylation
Ruth Dorel,[a] Paula de Mendoza,[a] Pilar Calleja,[a] Sergio Pascual,[a]
Esther González-Cantalapiedra,[a][‡] Noemí Cabello,[a] and Antonio M. Echavarren*[a,b]
Dedicated to Professor Achille Umani-Ronchi in the occasion of his 80th birthday
Abstract: The synthesis of a new C3v-symmetric crushed fuller-
ene C60H24 (5) has been accomplished in three steps from trux-
ene through sixfold palladium-catalyzed intramolecular aryl-
Introduction
Truxene (10,15-dihydro-5H-diindeno[1,2-a:1′,2′-c]fluorene) (1) is
a useful platform for the threefold synthesis of crushed fuller-
ene C60H30 (2) and other C3v-symmetric molecules
(Scheme 1),[1–3] as well as being an attractive building block
for the preparation of new materials to be used in molecular
electronics.[4] The laser-induced cyclodehydrogenation in the
gas phase to form closed-shell C60 fullerene has been previously
demonstrated for 2 (“crushed fullerene”)[5] and other related
Scheme 1. Synthesis of crushed fullerene C60H30 (2).
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ation of a syn-trialkylated truxene precursor. Laser irradiation of
5 induces cyclodehydrogenation processes that result in the
formation of C60, as detected by LDI-MS.
functionalized compounds,[6] whereas flash-vacuum pyrolysis
was used in the synthesis of fullerene C60 from C60H27Cl3 as the
precursor.[7]
Fullerene C60 and triazafullererene C57N3 were also formed
from 2 and C57H33N3[8] precursors, respectively, by cyclode-
hydrogenation on a platinum surface.[9] STM images were ob-
tained for deposited triangular fullerene precursors that, after
annealing at 750 K, formed round-shaped C60, indistinguishable
from those images of authentic C60 fullerene, and ball-shaped
heterofullerene C57N3, which was previously unknown.
We now report our efforts towards the synthesis of new
crushed fullerenes already containing 78 of the 90 C–C bonds
present in C60 fullerene. We envisioned two possible truxene-
Scheme 2. Retrosynthetic strategy for crushed fullerenes C60H24 3 and 5.
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based C60H24 isomers 3 and 5, which are more advanced
crushed fullerenes than 2 and could be respectively accessed
from the suitably functionalized trialkylated truxene precursors
4 and 6 by means of multiple Pd-catalyzed direct arylations
(Scheme 2).[10] These π-expanded truxenes could also give rise
to C60 by laser-promoted cyclodehydrogenation (Scheme 3). In-
terestingly, 5 was proposed to be a plausible intermediate in
the formation of C60 fullerene,[11] although its synthesis and
characterization have never been reported.
Scheme 3. (a) Laser-induced formation of C60 fullerene from 3 and 5. (b)
Schlegel projections of 3 and 5 onto C60.
Although remarkable multiple intermolecular palladium-cat-
alyzed arylations have been reported,[12] for the intramolecular
palladium-catalyzed arylation reaction of bromoarenes, the for-
mation of 5 from 6 would involve the highest order (sixfold)
arylation of this type to date.[12a]
Eur. J. Org. Chem. 2016, 3171–3176 www.eurjoc.org © 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3172
Results and Discussion
4,9,14-Trisubstituted truxenes 7 were prepared by acid-cata-
lyzed trimerization of the corresponding 7-substituted 1-indan-
ones.[1b] Triple alkylation of their lithium or sodium trianions
afforded the expected products 4 as crude mixtures of syn and
anti isomers, as determined from 1H NMR spectra of the crude
materials, which surprisingly could not be isomerized in the
presence of base to form exclusively the syn isomer, as we had
previously observed in the vast majority of cases.[1a] Thus, 4a
was obtained as a 1.3:1 mixture of syn and anti isomers after
chromatographic purification, whereas in the case of 4b, pure
anti isomer was isolated after column chromatography and pre-
cipitation from mixtures of CH2Cl2 and pentane (Scheme 4). The
structure of anti-4b was confirmed by X-ray diffraction analy-
sis.[13]
Scheme 4. Synthesis of trialkylated precursors 4 and X-ray crystal structure
of anti-4b.
Given that all attempts to convert 4a directly into crushed
fullerene 3 by Pd-catalyzed intramolecular direct arylation af-
forded complex mixtures from which 3 could not be identified,
we turned our attention to the cyclization of 4b. It seemed clear
to us that this cyclization could be sequentially carried out by
initial triple Pd-catalyzed cyclization of 4b to form 8 after de-
hydrogenation, followed by triple demethylation, formation of
the corresponding tristriflate, and subsequent triple Pd-cata-
lyzed intramolecular arylation (Scheme 5). After screening a
range of reaction conditions, we found that the triple Pd-cata-
lyzed cyclization of anti-4b proceeded in moderate yield in the
presence of Pd(OAc)2 and PhDavePhos. Treatment of the result-
ing mixture with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) forced the triple dehydrogenation to afford 8 in 31 %
yield over the two steps, the structure of which was confirmed
by X-ray diffraction.[13] Demethylation of 8 was carried out with
BBr3 to form 9 as a poorly soluble solid in excellent yield. How-
ever, conversion of 9 into tristriflate 10 could only be achieved
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at low temperatures and in low yield. Furthermore, 10 turned
out to be unstable under ambient conditions, and attempts to
cyclize this tristriflate to form 3 in the presence of different Pd
catalysts failed, providing complex mixtures, presumably due to
its low stability.
Scheme 5. Synthesis tristriflate 10 from anti-4b and X-ray crystal structure of 8.
Not discouraged by these results, we decided to focus our
efforts on the synthesis of crushed fullerene 5. Thus, tribromo-
truxene 11 was prepared by direct bromination of truxene,[1b]
which can be readily obtained in a multigram scale from 1-
Scheme 6. Synthesis of crushed fullerene C60H24 (5).
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indanone.[14] Triple alkylation of the corresponding sodium tria-
nion with 1-bromo-2-(bromomethyl)naphthalene furnished the
desired hexabrominated precursor 6. The triple alkylation of 11
afforded mixtures of anti and syn isomers that, as happened in
the case of 4, could not be isomerized in the presence of base
to form exclusively the syn isomer.[1a] Nevertheless, pure syn
isomer could be obtained upon precipitation from mixtures of
CH2Cl2 and pentane (Scheme 6). A conceivable alternative syn-
thesis of 5 by the direct acid-catalyzed triannulation strategy[15]
would require the development of a synthesis of unknown ket-
one indeno[4,3,2,1-lmno]acephenanthrylen-1(2H)-one or its re-
gioisomer.[16]
Hexabromotruxene syn-6 was next subjected to different pal-
ladium-catalyzed direct arylation reaction conditions. Due to
the high insolubility of both syn-6 and the product of this trans-
formation, LDI-MS experiments were used as a tool to find the
optimal conditions for the intramolecular arylation. When
Pd(OAc)2, BnMe3NBr, and K2CO3[1g] were used under different
reaction conditions, only complex mixtures were detected, and
no clear formation of 5 was observed. The use of phosphine
ligands such as Xantphos, 1,3-bis(diphenylphosphanyl)propane
(dppp) or PhDavePhos did not result in any improvement. For-
tunately, when ethylenebis(diphenylphosphine) (dppe) was
used as the ligand, we were able to observe clear evidence for
the formation of 5. After extensive optimization of the reaction
conditions, LDI experiments of the isolated solid in positive and
negative modes showed a single peak at m/z 744 with an ex-
perimental isotopic pattern that was consistent with the theo-
retical distribution calculated for 5 (Figure 1). This peak corre-
sponds to the target crushed fullerene, which could be isolated
in 44 % yield as a highly insoluble orange solid. Formation of 5
from syn-6 involves a remarkable sequence of nine reactions
catalyzed by palladium: sixfold intramolecular arylation and a
triple dehydrogenation process.
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Figure 1. (left) LDI– mass spectrum of crushed fullerene C60H24 (5).
(right) Theoretical and experimental isotopic pattern for C60H24 (5).
To verify that 5 is a direct precursor of C60 fullerene, a sample
of pure C60H24 was analyzed by MALDI and LDI-MS in positive
and negative modes by using increasing laser powers, and the
results in positive mode were compared to those arising from
the analogous experiments on a sample of pure C60. MALDI-MS
analysis at the threshold of ion formation in negative mode
using 2,5-dihydroxybenzoic acid (DHB) as the matrix showed
exclusively the molecular ion of 3, whereas at a higher laser
power in the range of 129 µJ, this precursor ion underwent
threefold H2 loss giving [C60H22]·–, [C60H20]·–, and [C60H18]·– (m/z
742, 740, and 738, respectively, Figure 2, a). On the other hand,
when the sample was analyzed in positive mode by LDI-MS to
avoid interferences derived from the matrix at a laser power in
Figure 2. (a) (top) MALDI– mass spectrum of 5 at the threshold of ion forma-
tion using DHB as the matrix. (bottom) MALDI– mass spectrum of 5 at 129 µJ
using DHB as the matrix. (b) (top) LDI+ mass spectrum of C60 fullerene at a
laser power of 106 µJ. (center) LDI+ mass spectrum of C60 fullerene at a laser
power of 115 µJ. (bottom) LDI+ mass spectrum of 5 at a laser power of 126 µJ.
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the range of 126 µJ, a peak at m/z 721 corresponding to the
formation of [C60 + H]·+ could be identified, which underwent
further C2 fragmentations to give a series similar to that result-
ing from pure C60 fullerene (Figure 2, b).[5b]
Conclusions
A new, advanced crushed fullerene C60H24 has been synthe-
sized by a sixfold palladium-catalyzed intramolecular arylation,
which takes place in a remarkable 44 % yield, equivalent to an
average 87 % yield per C–C bond formation, and subsequent in
situ dehydrogenation. Open-shell C60 derivative 5 gives rise to
C60 fullerene by applying high-power laser irradiation in LDI-MS
experiments. On-surface cyclodehydrogenation experiments to
form C60 are underway.
Experimental Section
General Procedures: Reactions were performed under argon at-
mosphere in solvents dried by passing through an activated alu-
mina column on a PureSolvTM solvent purification system (Innova-
tive Technologies, Inc., MA). Thin-layer chromatography was carried
out using TLC aluminum sheets coated with 0.2 mm of silica gel
(Merck Gf234). Chromatographic purifications were carried out us-
ing flash grade silica gel (SDS Chromatogel 60 ACC, 40–60 µm).
NMR spectra were recorded at 25 °C with a Bruker Avance 300, 400
Ultrashield and Bruker Avance 500 Ultrashield apparatus, or at
120 °C with a Bruker Avance 500 Ultrashield apparatus. Mass spectra
were recorded with a MicroTOF Focus Bruker Daltonics mass spec-
trometer (ESI) or with an Autoflex Bruker Daltonics (MALDI and LDI)
equipped with a nitrogen laser (337 nm) with a mean energy of
165.6 µJ per pulse and a beam dimension of 4 × 2.5 mm. Samples
were measured at least four times under the same conditions and a
minimum of 200 shots were accumulated per full spectrum. Melting
points were determined with a Büchi melting point apparatus. Crys-
tal structure determinations were carried out with a Bruker-Nonius
diffractometer equipped with an APPEX 2 4K CCD area detector,
a FR591 rotating anode with Mo-Kα radiation, Montel mirrors as
monochromator and a Kryoflex low-temperature device (T =
–173 °C). Full-sphere data collection was used with w and j scans.
Programs used: Data collection APEX-2, data reduction Bruker Saint
V/.60A and absorption correction SADABS. Structure Solution and
Refinement: Crystal structure solution was achieved by using direct
methods as implement in SHELXTL and visualized by using the pro-
gram XP. Missing atoms were subsequently located from difference
Fourier synthesis and added to the atom list. Least-squares refine-
ment on F2 using all measured intensities was carried out using the
program SHELXTL. All non-hydrogen atoms were refined including
anisotropic displacement parameters.
5,10,15-Tris[(1-bromonaphthalen-2-yl)methyl]-4,9,14-tribromo-
10,15-dihydro-5H-diindeno[1,2-a:1′,2′-c]fluorine (4a): A suspen-
sion of 4,9,14-tribromo-10,15-dihydro-5H-diindeno[1,2-a:1′,2′-c]-
fluorene (360 mg, 0.62 mmol) in anhydrous DMF (5 mL) was added
over a suspension of NaH (60 % in mineral oil, 82 mg, 2.04 mmol)
in anhydrous DMF (5 mL) at 0 °C under Ar atmosphere. After ultra-
sonicating the resulting mixture for 50 min, a solution of 1-bromo-
2-(bromomethyl)naphthalene (577 mg, 1.92 mmol) in anhydrous
DMF (10 mL) was added and the mixture was stirred at room tem-
perature for 16 h. H2O (20 mL) was added and the precipitate
formed was filtered off and dissolved in CH2Cl2 (50 mL). The result-
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ing green solution was dried with MgSO4, filtered and concentrated
under reduced pressure. Purification by silica gel column chroma-
tography (cyclohexane/CH2Cl2 8:2) gave a major fraction containing
4a as a mixture of syn and anti isomers together with unidentified
impurities. This fraction was partially dissolved in CH2Cl2 (10 mL)
and precipitated with pentane (30 mL). The supernatant was re-
moved and the solid was washed again with pentane (3 × 20 mL)
and dried under reduced pressure giving the title compound, yield
331 mg (0.268 mmol, 41 %); pale-yellow solid; syn/anti = 1.3:1; m.p.
298–300 °C. 1H NMR (500 MHz, CDCl3): δ = 8.22–8.16 (m, 4.9 H, syn,
anti), 8.13 (d, J = 8.5 Hz, 2 H, anti), 7.80 (d, J = 9.6 Hz, 1 H, anti),
7.74–7.69 (m, 5.9 H, syn, anti), 7.68–7.63 (m, 5.9 H, syn, anti), 7.62–
7.58 (m, 4.9 H, syn, anti), 7.57–7.47 (m, 10 H), 7.46–7.43 (m, 3.9 H,
syn), 7.43–7.39 (m, 4.9 H, syn, anti), 7.36–7.33 (m, 3 H, anti), 7.26 (d,
J = 8.4 Hz, 3.9 H, syn), 7.09 (t, J = 8.4 Hz, 1 H, anti), 6.96 (t, J =
7.6 Hz, 3.9 H, syn), 6.89 (dt, J = 7.4, 0.9 Hz, 3.9 H, syn), 6.87–6.84 (m,
1 H, anti), 6.81 (d, J = 7.6 Hz, 1 H, anti), 6.79–6.76 (m, 1 H, anti), 6.63
(t, J = 7.6 Hz, 1 H, anti), 6.44 (t, J = 7.5 Hz, 1 H, anti), 6.41–6.36 (m,
2 H, anti), 6.12 (dd, J = 8.5, 6.1 Hz, 3.9 H, syn), 5.99 (dd, J = 9.7,
5.9 Hz, 1 H, anti), 3.77–3.71 (m, 3.9 H, syn), 3.70–3.67 (m, 1 H, anti),
3.59 (dd, J = 13.8, 7.0 Hz, 1 H, anti), 3.49 (dd, J = 13.8, 6.6 Hz, 1 H,
anti), 3.22 (dd, J = 13.8, 8.0 Hz, 1 H, anti), 3.16 (dd, J = 14.1, 8.6 Hz,
3.9 H, syn), 2.76 (dd, J = 13.9, 9.8 Hz, 1 H, anti) ppm. 13C NMR
(126 MHz, CDCl3): δ = 150.66, 150.31, 149.54, 149.16, 144.95, 144.43,
142.51, 142.41, 141.14, 140.64, 139.30, 138.95, 137.65, 137.26,
137.23, 137.01, 136.87, 136.68, 136.30, 135.92, 133.31, 133.28,
133.24, 133.20, 133.15, 132.91, 132.85, 132.37, 132.24, 132.21,
132.20, 128.27, 128.18, 128.08, 128.02, 127.97, 127.94, 127.88,
127.86, 127.84, 127.79, 127.74, 127.68, 127.60, 127.40, 127.37,
127.24, 127.17, 127.14, 126.99, 126.87, 126.84, 126.25, 126.02,
125.99, 125.85, 125.80, 125.64, 125.52, 123.88, 123.79, 123.32,
123.30, 116.11, 115.99, 115.19, 52.49 (anti), 52.14 (syn), 50.45 (anti),
49.98 (anti), 42.12 (anti), 41.53 (anti), 39.95 (anti), 39.31 (syn) (aro-
matic peaks missing due to overlapping) ppm. HRMS (MALDI+): m/z
calcd. for C60H3579Br381Br3 [M – H]+ 1234.7772; found 1234.7785.
(5R*,10S*,15S*)-5,10,15-Tris[(1-bromonaphthalen-2-yl)methyl]-
4,9,14-trimethoxy-10,15-dihydro-5H-diindeno[1,2-a:1′,2′-c]-
fluorine (anti-4b): To a mixture of 4,9,14-trimethoxy-10,15-dihydro-
5H-diindeno[1,2-a:1′,2′-c]fluorine (600 mg, 1.39 mmol) in anhydrous
THF (55 mL) at –78 °C was added nBuLi (2.5 M in hexanes, 1.94 mL,
4.86 mmol) and the mixture was slowly warmed to –10 °C for 3 h.
Then, 1-bromo-2-bromomethylnaphthalene (1.67 g, 5.56 mmol) in
anhydrous THF (20 mL) was added and the mixture was warmed to
room temperature. After 30 min at that temperature, the mixture
was diluted with EtOAc and washed with saturated aqueous NaCl,
dried with MgSO4, and the volatiles evaporated. The residue was
purified by chromatography (cyclohexane/CH2Cl2, 8:2 to 1:1) to give
4b as a 3:1 mixture of anti/syn isomers together with unidentified
impurities. After precipitation from CH2Cl2/pentane mixtures, pure
anti-4b was obtained, yield 1.01 g (0.93 mmol, 67 %); m.p. 193–
195 °C. 1H NMR (400 MHz, CDCl3): δ = 8.25 (dt, J = 8.6, 1.0 Hz, 1 H),
8.22 (d, J = 8.6 Hz, 1 H), 8.18 (dd, J = 8.6, 1.0 Hz, 1 H), 7.78 (d, J =
7.0 Hz, 1 H), 7.73 (d, J = 7.0 Hz, 1 H), 7.65 (d, J = 8.4 Hz, 1 H), 7.61
(d, J = 5.5 Hz, 1 H), 7.59 (d, J = 6.2 Hz, 1 H), 7.55 (dt, J = 8.7, 1.6 Hz,
1 H), 7.51 (dd, J = 6.2, 1.4 Hz, 1 H), 7.49–7.41 (m, 5 H), 7.38 (d, J =
8.4 Hz, 1 H), 7.32 (ddd, J = 8.0, 6.8, 1.2 Hz, 1 H), 7.14–7.09 (m, 1 H),
7.06 (d, J = 7.6 Hz, 1 H), 7.02 (d, J = 7.6 Hz, 1 H), 6.94 (dd, J = 8.1,
7.4 Hz, 1 H), 6.86–6.76 (m, 4 H), 6.68 (dt, J = 7.4, 0.9 Hz, 1 H), 6.40
(dt, J = 7.4, 0.9 Hz, 1 H), 5.74 (dd, J = 8.3, 5.8 Hz, 1 H), 5.64 (t, J =
6.2 Hz, 1 H), 5.47 (dd, J = 9.5, 5.3 Hz, 1 H), 4.13 (s, 3 H), 4.08 (s, 3
H), 4.06 (s, 3 H), 4.04–4.00 (m, 1 H), 3.79 (dd, J = 14.0, 5.9 Hz, 1 H),
3.64 (dd, J = 13.8, 6.3 Hz, 1 H), 3.50 (dd, J = 14.2, 5.3 Hz, 1 H), 3.21
(dd, J = 14.0, 8.3 Hz, 1 H), 2.85 (dd, J = 14.1, 9.5 Hz, 1 H) ppm. 13C
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NMR (101 MHz, CDCl3): δ = 154.45, 154.30, 154.14, 150.07, 148.98,
142.91, 141.24, 141.09, 138.18, 137.74, 137.15, 136.21, 136.15,
135.88, 133.17, 133.11, 132.34, 132.29, 129.73, 128.55, 128.42,
128.21, 128.13, 128.02, 127.96, 127.87, 127.78, 127.76, 127.73,
127.57, 127.47, 126.99, 126.88, 126.77, 126.53, 126.50, 125.79,
125.72, 125.69, 125.61, 125.51, 125.28, 118.22, 117.73, 117.67,
110.04, 109.92, 109.84, 56.07, 55.96, 55.61, 50.97, 50.04, 49.56, 42.78,
41.68, 41.57 (peaks missing due to overlapping) ppm. HRMS (ESI+):
m/z calcd. for C63H45Br3NaO3 [M + Na]+ 1109.0811; found
1109.0779.
3,13,23-Trimethoxybenzo[1,2-e:3,4-e′:5,6-e′′]tribenzo[l]-
acephenanthrylene (8): Compound anti-4b (400 mg, 0.37 mmol),
Pd(OAc)2 (82.4 mg, 0.37 mmol), PhDavePhos (70.6 mg, 0.19 mmol)
and K2CO3 (102.3 mg, 0.74 mmol) were suspended in anhydrous
DMA (1.9 mL, 0.2 M) in a sealed tube under Ar atmosphere, and
the mixture was heated at 140 °C for 16 h. After cooling to room
temperature, CHCl3 (20 mL) was added and the mixture was washed
with saturated aqueous NaCl (3 × 15 mL), dried with MgSO4, and
concentrated to dryness. The resulting crude material was dissolved
in toluene (10 mL), then DDQ (840 mg, 3.7 mmol) was added and
the reaction was stirred at 120 °C for 6 h. After cooling to room
temperature, the solution was washed with 2 M solution of KOH
(3 × 10 mL), dried with MgSO4, and concentrated to a volume of
ca. 2 mL (higher yields were obtained when the crude material
was not taken to dryness). Purification by flash chromatography
(cyclohexane/CHCl3, 7:3 to 0:1) afforded the product as a brownish
solid that became insoluble after drying, yield 96.5 mg (0.11 mmol,
31 % over two steps); m.p. >300 °C. 1H NMR (400 MHz, C2D2Cl4):
δ = 9.24 (d, J = 8.4 Hz, 3 H), 9.10 (d, J = 9.1 Hz, 3 H), 8.42 (s, 3 H),
8.12 (dd, J = 8.0, 1.4 Hz, 3 H), 8.06 (d, J = 8.6 Hz, 3 H), 7.94 (d, J =
8.6 Hz, 3 H), 7.85 (ddd, J = 8.4, 6.8, 1.5 Hz, 3 H), 7.74 (ddd, J = 7.9,
6.8, 1.0 Hz, 3 H), 7.61 (d, J = 9.2 Hz, 3 H), 4.12 (s, 9 H) ppm. 13C
NMR (101 MHz, C2D2Cl4): δ = 153.16, 136.34, 134.69, 133.49, 133.17,
131.87, 131.04, 130.06, 129.66, 128.72, 128.29, 128.15, 128.02,
126.57, 126.13, 126.08, 125.52, 121.55, 121.54, 113.70, 54.79 ppm.
HRMS (MALDI+): m/z calcd. for C63H36O3 [M]+ 840.2664; found
840.2673.
3,13,23-Trihydroxybenzo[1,2-e:3,4-e′:5,6-e′′]tribenzo[l]acephen-
anthrylene (9): To a mixture of 8 (70 mg, 0.08 mmol) in anhydrous
CH2Cl2 (10 mL) was added BBr3 (1.0 M in CH2Cl2 , 2 .12 mL,
2.12 mmol) and the mixture was stirred at room temperature for
5 d. After cooling to 0 °C, H2O (10 mL) was slowly added, the aque-
ous phase was extracted with CH2Cl2 (10 mL), the combined or-
ganic layers were dried with MgSO4 and the volatiles evaporated.
The solid was triturated with hexanes and EtOAc to obtain 9 as a
brown solid with low solubility in organic solvents, yield 57.4 mg
(0.07 mmol, 91 %); m.p. >300 °C. 1H NMR (400 MHz, [D6]acetone):
δ = 10.00 (s, 3 H), 9.32 (d, J = 8.5 Hz, 3 H), 9.15 (d, J = 9.0 Hz, 3 H),
9.01 (s, 3 H), 8.24 (d, J = 8.6 Hz, 3 H), 8.16 (d, J = 7.9 Hz, 4 H), 8.02
(d, J = 8.6 Hz, 3 H), 7.88–7.83 (m, 3 H), 7.75–7.71 (m, 6 H) ppm. Full
13C NMR spectroscopic data could not be recorded due to the low
solubility of the product. HRMS (FAB+): m/z calcd. for C60H30O3 [M]+
798.2195; found 798.2194.
(5S*,10S*,15S*)-2,7,12-Tribromo-5,10,15-tris[(1-bromo-
naphthalen-2-yl)methyl]-10,15-dihydro-5H-diindeno[1,2-
a:1′,2′-c]fluorene (syn-6): A suspension of 11 (360 mg, 0.62 mmol)
in anhydrous DMF (5 mL) was added over a suspension of NaH
(60 % in mineral oil, 82 mg, 2.04 mmol) in anhydrous DMF (5 mL)
at 0 °C under Ar atmosphere. After ultrasonicating the resulting
mixture for 50 min, a solution of 1-bromo-2-(bromomethyl)-
naphthalene (577 mg, 1.92 mmol) in anhydrous DMF (10 mL) was
added and the mixture was stirred at room temperature for 16 h.
Full Paper
H2O (20 mL) was added and the precipitate formed was filtered off
and redissolved in CH2Cl2 (50 mL). The resulting green solution was
dried with MgSO4, filtered, and concentrated under reduced pres-
sure. Purification by silica gel column chromatography (cyclohex-
ane/CH2Cl2, 8:2) gave a major fraction containing the desired syn-
compound together with variable amounts of the anti-isomer and
unidentified impurities. This fraction was partially dissolved in
CH2Cl2 (10 mL) and precipitated with pentane (30 mL). The superna-
tant was removed and the solid was washed again with pentane
(3 × 20 mL) and dried under reduced pressure to give the title com-
pound, yield 121 mg (0.098 mmol, 15 %); pale-yellow solid; m.p. >
300 °C. 1H NMR (500 MHz, CDCl2CDCl2, 120 °C): δ = 8.37 (d, J =
9.3 Hz, 3 H), 7.77 (d, J = 2.9 Hz, 3 H), 7.76 (d, J = 3.0 Hz, 3 H), 7.63
(ddd, J = 8.5, 6.9, 1.4 Hz, 3 H), 7.56–7.49 (m, 6 H), 7.37 (dd, J = 8.1,
1.9 Hz, 3 H), 7.05 (d, J = 1.9 Hz, 3 H), 6.86 (d, J = 8.3 Hz, 3 H), 4.72
(dd, J = 7.1, 7.1 Hz, 3 H), 3.79 (dd, J = 13.7, 6.4 Hz, 3 H), 3.34 (dd,
J = 13.9, 8.2 Hz, 3 H) ppm. 13C NMR (126 MHz, CDCl2CDCl2, 120 °C):
δ = 148.2, 140.1, 138.2, 135.6, 133.1, 132.1, 129.6, 128.1, 128.1, 127.4,
126.9, 126.9, 126.4, 125.7, 124.6, 122.8, 119.8, 46.1, 40.6 (one aro-
matic carbon missing due to overlapping) ppm. HRMS (MALDI+):
m/z calcd. for C60H3579Br381Br3 [M – H]+ 1234.7772; found
1234.7809.
Triindeno[4,3,2,1-lmno]acephenanthrylene (5): A mixture of syn-
6 (62.8 mg, 0.051 mmol), Pd(OAc)2 (22.9 mg, 0.102 mmol), dppe
(40.5 mg, 0.102 mmol), and K2CO3 (105.7 mg, 0.765 mmol) in anhy-
drous DMA (0.5 mL) under Ar atmosphere was heated at 140 °C in
a sealed tube for 36 h. After cooling to room temperature, H2O
(5 mL) was added and the precipitated solid was filtered off and
washed by centrifugation with H2O (6 × 15 mL), acetone (6 ×
15 mL), satd. aq. NaCN (3 × 15 mL), acetone (6 × 15 mL) and finally
CH2Cl2 (5 × 15 mL) until the liquid phase remained colorless. After
drying the remaining solid under reduced pressure, crushed fuller-
ene C60H24 was obtained, yield 16.8 mg (0.023 mmol, 44 %); dark-
orange highly insoluble solid; m.p. > 300 °C. NMR spectroscopic
data could not be acquired due to the low solubility of the com-
pound. HRMS (LDI–): m/z calcd. for C60H24 [M]– 744.1883; found
744.1848.
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